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1. BACKGROUND

It was recognized quite early in the development_of space technology;
that a unique opportunity exists to make observations of tﬁe earth from space
on .a global scale. Since most physical phenomenon affects electromagnetiﬁ
radiations it was expected that the most effective data collection might be
implemented by space based instruments with properly controlled electromag-
netic transmit and/or receive capabilities.

While radiations of materialé from very low to optical frequencies can be
interesting, the most important single global phenomenon is related to the
‘presence_and condition of water. The spatial and temporal distribution of
water témperature, the amount of watef in the soil and the atmosphere, the
boundaries of snow and iée cover, the.extent and state of foliage deVélopment,
the presence of variaous chemicals in the water effect the electroﬁagedtic
radiation_emitted by the asspciated surface thus generaté a signaﬁuré of some
sort.

In order to utilize this latent potential, a host of basic questions-must
be answered. What frequency bands, bandwidths, polarization, angle of inci- |
dence, revisit times are best for certain observations? What are the radia-
tion levels and their time variations associated with the phenomenon to be
measured relative to variations caused by external iﬁterfefences and measuring
system imperfections? What spatial and radiation levei (noise temperature)
regsolution is necessary in order to make the collected information useful?
What technologies are necesséry to collect and process the data?

The present study will be very limited in scope compared to these general
questions. It will address the instrumentation problems associated.to the
measurement of soil moisture with a meaningful spatial and temperature resolu-

tion at a global scale. For this goal only medium term available affordable



techhol&gy‘will be éonsidered. The study while limited in scope, will utilize
a largé‘SCale antenna structure, which is Being developed presently as an
experimental model. The interface constralns ﬁresented by a single STS flight
will be assumed. '

The study methodolgy will consists of the following steps: Review of the
science requirements; Analyze the effect of these requirements on the selec-
tion of the concept. scale, quality and method of operation of the instrument;
 Present basic systém engineering considerations and trade-off related to orbit
parameters, nuﬁbe? of spacecraft and their:lifetime; observation angles,
beamwidth; érossévér and swéth, coverage ﬁé}centagé, beam quality quatity'and
. resoltuion, instrument quantiéies and integra;ién time; Bracket the key system
characteristicsvand develope an electromagnefic deéign of the antgnna-passive
';adiometer system. Several aperture division combinations and feed array
conceptg are investigated to achieve ﬁaximum feasible pefformance within the
stated STS constrain.

Next, some mechanical configurations are determined which are compatible
with the structural design of the reflector sygtem and can be packaged and

developed within the applicable constrains. Finally, the major technology

develoment needs are identified.



2. SCIENCE REQUIREMENTS

The requirements presented by space science on observation systems have
been studied previously in considerable details. Here only, a summary of
these requirements will be given and commented. "

The first column of Table 2.1 shows a list of the most Interesting physi-
.cal parameters, measurands to be determined. All of these measurands are
derived by determining the ﬁoise power level at the output of an antenna
‘terminal for a given relative position between the antenna and a solid angle
region occupied by the boundary or volume of thé unknown physical quantity.
This noise power is proportional to the "noise” or "brightness” temperature .of
the physical quantity ocgypying the region. 1In turn the noise temperature is
the product of physical temperature and emissivity or physical temﬁerature can
be determined tfvthe other characteristics 1s obtained by'alternative hethods(
Tpe noise power ﬁeasuremeﬁt itself is accomplished relative to the .noise power
of a reference source. |

For a given radidmeter (calibrated antenna receiver system) the received

noise power is a function of a number of parameters assoclated with the

measurands. This allows the deduction of the measurands from the raw noise
tgmperature data. (See second column of Table 2.1.) By sétting and cglibra—
,tion of thé radiometer, use of other iastruments apd data available from
miscellaneous sources, the radiometric measurement can subply one or more of
-the unknown data.

The third column of Table 2.1 displays those instrument and inherent

external characteristics which influence the quantity and quality of the

collected data. These characteristics can be affected by engineering design
and are the subject of the present study. Since some of these characterisgtics

cannot be determined easily and they are intricately related to each other,



TABLE 2.1

Science requirements and their effects

Measurands

Parameter associated
with the measurands

Instrument and external
characteristics affecting
the obtained data

Soil moisture content

Water surface
temperature

Water temperature

_ gradient

. Water surface roughness
"Wind speed at water

' surface

Snow boundary

Ice boundary

Sea water salinity

Water pollutant content

- Water vapor content

Non-precipitating water
cloud

Precipitating water
(rain)

Material composition
Physical temperature
Frequency of radiation
Polarization mode
and/or angle
Angle of incidence
Spatial distribution
Surface geometry
Depth of penetration
Time variation of all
the above

Antenna aperture diameter

Aperture field distri—
bution

Accuracy and stabllity of
aperture field distri-
bution ' :

. Beam efficiency

Circuit loss

Antenna noise temperature

Number of beams

Crossover between beams

Beam to beam similarity

Beam pointing accuracy .

Angle of observation

Polarization modes

Number of polartzation
modes

Polarization angles

Orbit height

Orbit shape

Orbital volocity

Orbit variations

Inclination angle

Coverage percentage

Swath

Revisit time

Time of observation

Experiment lifetime

Receiver noise
temperature

System noise temperature

Predetection bandwidth

Dwell time

Integration time

Natural background noise.

‘Man made noise

I

I‘ "

the selection of an optimum set of instrument characteristics is neither

straightforward no unique.

Nevertheless the effect of their variation can be

relatively easily demonstrated and used to derive a reasonable approximation

of tﬁe optimum condition



The latgest effect of the science requirements on the design is -the
selection of frequency.

1t té known that all materials above absolute zero temperature emit
electromagentic radiatioﬁ. The magnitude of tﬁis radiation increases'with‘the4
moleéular excitation (physical temperature) and has local maximums as é func—
tion of ffequency at the molecular traasition lines. When this radiation is
obsérved by an ideal antenna, which has an equivalent solid angle field of
view then the total radiation may be decomposed appfoximately into two parts.
The first part is cdming from the volume bounded by the antenna aperture, the
"walls” of the solid angle region and the surface at the far end of the cell
where a‘raéid change of material distribution occurs. The second part of the
radiation';s coming from the surface representing the far end boundary' of the
cellf Depending on the application either the volumetric or the surface
-rgdiaiton contains data about the measurand. Theltwo can Be sepérated from
each other by proper selection of the observation frequency band.

In the case of a space-based observatory, the cell may be part gf_tﬁe
a;mosphere and the far end boundary may be the surface of the.Earth. The
vbolumetric radiation (aﬁsorbtion) is due to the permanent electric dipole
'momeﬁf of molecules or permanent magnetic dipole momént of.atdmg. The priméry
_radiations are assoclated to water vapor (first resonance around 21_GHz);
oxygen (first resonance around 60 GHz), but carbon dioxide, ozone, nitrogen
and water vapor have several additional resonances Ln the 1.5 to 20 micron
optical wavelength range. While the first resonance of the. oxygen molecule is
at higher frequency then for water vapor the atmosphering radiation up to
about 14 GHz is caused mostly by oxygen, due to the wider frequency band of

_this radiation.



The radiation by the surface at the far end of the cell is mostly caused
by'tﬁe preéence of condensed water. This water is forming the surface of‘sea,
lakes, rivers or it is absorbed to various exten by the soil.

In final detail this so called surface radiation is not emitted by the

.surface but ba a second cell, which is beyond the atmosphere-Earth surface
boundary. The depth of this cell in the direction of wave propagation associ-
ated to tﬁé observing antenna, depends on the capability of the electromag-
netic wave to penetrate into the second region. At a given frequency this {is
conveniently characterized by the skin depth. Thus thekmagnitude of this
"surface"'fadiation is a function of the material characferistics within the
volume defined by the skin depth. ("Matcrial characteristics" include the
physical temgerature.)
According to observations the radiation from the Earth surface is rela-

tively constant and falls into the 50K to 350K range, representing about

- +4.2 dB- variation relative to the average. When the surface radiation repre-
sents the desirable measurand, then its level must be large'compared to the
volumetric radiation and particclarly compared to the variable (water vapor
caused) part of the volmetric radiation. Since at, or below fU = 7 GHz the
water vapor caused attenuation is less than one-tenth of the oxygen attenu-
ation, this frequency may be considered as the upper limit for determining
surface characteristics. lSelecting the frequency as much as possible below
fU improves the capability to suppress the effect of volumetric radiation.

Uplto this point both the antenna and the environment in the cell was;

assumed to be ideal. Unfortunately, none of these are true in practice. The
assumption, that no external noise sources outside the cell are present is
reasonably accurate at higher frequencies, where the ionosphere acts as a

shield against extraterrestrial radiation. With decreasing frequency, the



ionosphere becomes more and more Eransparent. For instance, at | GHz the'
minimum (near average) galactic radiation reaches about 5K. This is about
one-tenth of the lowest level of the interesting surface radiation.v Siﬁée the
‘galactic radiation is reflected by the surface 'under .observation it fééfésénts
.an error, limiting the resolution of the measurand. On the basis.of these
considerations i is customary to define fL = 1 GHz as the lowest practical
frequency for measurements of surface‘radiation.

It may be noted, that for a practical antenna, not all the radiation 1is
coming from a limited equivalent solid angle. Volumetric and surface radia-
‘tion outside the desired angular region represents a background noise, which

S .
further 1limits the resolution of the measuring system. Finally, man made
_ no;se may be generated iA;ide the cell at the far end boundary or outside. the
observed cell. ?hese could causé»errors or altogethér eliminate the poséi-
biiity of measuremeﬁts.
. On the basis of the above'conéiderations WARC 79 allocéted;a_ﬁumbgr,of

frequency bands for radiometric observations. These are listed in Table 2.2.

In the primary frequency bands no electromagnetic transmissions are permitted.

t

TABLE 2.2

Primary frequency band allocations for radiometry

No. Frequency band .(MHz) . Bandwidth (MHz) Possible measurand
1 1400-1427 27 Soil moisture, salinity
2 2690-2700 _ 10 Sea surface temperature -
3 10680-10700 20 Water .roughness, rain, .snow
4 15350-15400 50 Water vapor, rain, snow
5 31300-31500 200 0il spills, clouds
6 31500-31800 . 300 Ice, snow

According to Table 2.2 for surface noise temperature measurements, only two
bands are available if the measurements are restricted to the primary frequen-

cieé. Among the band of interests, Band 1] has the largest available



bandwidth, thus it ofers the best possible temperature resolution potential.
Siace thé‘radtation related to the salinity of sea water has a relatively-
strong fféquéncy dependency, the lowest frequency 1s the most useful from this
boint of view. At higher frequenciles the sea surface temperature assoclated
radiations Beéomg less dependent on salinity. Consequently, Band 2 can be
used most appropriately for sea surface temperature measurement. While soil’
moistufg can be measured in Band 2, Band | is preferable, because it has a
1argef'skih>dép£h and it 1s less seasitive to the canopy effect of foliage.

" Ideally, a system, which has combined soil moisture, sea salinity, and séa-
surface tedperature measuring capability must operate simultaneously or in
time séquence in Band 1 and Band 2. It 1s unlikely that such capability can
be economically implemented by using a common sperture. If the common
aperture is a reflector or lens, then in Band 1 for an;optimum design its
spatiél resolution is accuracy limited and its temperature accuracy is loss
limited. In Band 2 it might be possible to achieve fhe same spatial resolu-
tion,_beam number and swath, provided that over the utilized (ceqter) paft of
tﬁe optics the accuracy is better by the freqﬁency ratio of the bands.

: Unfq:tunatély, such utilization of the optics requires a corresponding
inérease of feed array size measured in waveleﬁgth and number of radiatiﬁg
eieménts. this in turn lancreases feed losses, thus reduces the temperaturé
regsoltuion. If the common aperture is an array, then the.area of the higher
frequency band array 1s only 27% of the area of lower frequency array. Thé
density of radiating elements in the ghiher frequency array is 3.7 times
larger. thus even if a dual band element can be desinged, the layout and
excitation requirements are different for the two bands. Consequently, the
electromagentic part of the array must be independent. Whether they share a

common supporting.and deployment structure is a matter of design detail.



However, when the complexities related ot the array overlap are weighted
against the advantages of saving 277 of the support structure are it is
unlikely that an overlaping design can offer sufficient bhenefits. On that

basis it is likely that the combined use of a single structure in Band 1 and

Bgnd 2 is not cost effective. for such a case Band 1 is usable for 8611

moisture and sea salinity measurements only.

The next Important characteristics of the radfometer is the spatial
resolution, influenced by the science requirement. Table 2.3 summarizes the

minimum spatial resolution requirements for the presently considered applica-

tions.
TABLE 2.3
Minimum Qpatial resolutlion requirements
Measurand Application - Minimum spatial resolution (kh)

" Soil moisture Agriculture 10
: Hydrology 10-25
Climate 100~-200

Sea salinity Coastal regions 1

Open ocean ' 10

It can be seen from Table 2.3 that the measurements of salinity in
coastal regions require an.order of magnitude better resolution fhan adequate‘
for most other applicationsi Since this measurement can be accompliéhéd cost
effectively by atrplaﬁes, it 1is not cost effective td burden Qidef apﬁlica—
tions systems with tﬁts requirement. Excluding the coastal salinity measure-
mént, 10 km spatial resolution is adequate for all other applicattbns.

The relationship between spatial resolution and antenna size is a compli-
cated one. At the outset it must be understood that the spatial resolution by

itself does not adequately define the quality of the system since the system



parameters define the product of spatial and température resolution only.l One
of theéé‘resolutions can be improved at the expense of the other for given
antenna dimensions. This phenomenon will be discussed later 1nlmofe detail.

For the simplest, idealized case, the best spatial resolution can be
achiéved between two point sources. If two such point sources are:10 km from
each other at 573 km distance from the antenna, parallel with the antenna
aperture then their distance represents 1° separation. Using a unifprmly
illuminated circular antenna aperture with 58.4 X aperture diameter, thé
3 dB beamwidth is 65 = 1°. The angle between beam maximum and the first null
' is.élso approximately 1°.
- Assume that the two point sources havé Ty =".100° and .T2 = 101° noise
temperatures, respectively, and the temperature resolution of the system iS"
AT. ifv AT < T2 - Tl then for the given beamwidth the antenna can distin-
guish the two point sources. It will measure T; £ AT 1in direction of source
1, fz + AT in direction of source 2 and 1/2(Tl + Tp) + AT in halfway
between.. The required antenna diameter for this condition is D = 58.4 A =
1.24 m at 1413 Miz. If AT » To - T; then the antenna beamwidth must be
reduced in order that a temperature minfmum can be observed as the antenna is
pPin§ed halfway between the two sources. At the exfreme, this min{mum is
zéro, when the antenna beam h?s simultaniously nulls toward each point source.
This requires approximately doubling the antenna diameter to 24.8 m. For this
condition the two point sources are spatially resolvéd independent on the
temperature ;esolution.

.When the sources have finite angular extent the spatial resolution may
be defined by the antenna beamwidth which produces a detectable increase in
the derivative of noise temperature versus angle as the antenna beam moves

across the crossove point between two different temperature regions.



?1gure 2.1 illustrates this situation. In this figure T, and T, are the
actual noise temperatures in angular regions wl and WZ.

The dotted line shows the apparent noise temperature at the output of the
test antenna as its main beam moves across the 'observed regions. The magni—
tude of the 6T/88 derivative in the transition region is a function of T}
T2, Wl, and W2 and the shape of the antenga radiation pattern.

As an example, assume that T, = 100°K, T, = 101°K, Wy =W, 1;K and
the temperature resolution is AT = 0.1°K. What is the neceséary antenna
diameter for this condition? Before this question can be answereed a prac-

’tically realizable aperture distribution must be assumed. Select an

J

PS

A+ (-8 -dHP
‘type distribution with A = 0.2 and P = 2. 1In this case the radiation
pattern is axially symmetrical and 97% of the total antenna power is within a
half cone angle of 6474 ¥ 1.27 Rad/Dy. Thus the beamwidth of the antenna

. which contains 97% of the power is 8454 = 145.5°/D, .
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- Figure 2.2 shows the results of pattern integration for this case. "As.
the antenna beam scans the observed regions the noise temperature versus 0

functidn has three points:
T, = 97.7575°K

Tip = 98.2387°K

T, = 98.7200°K

which lie on a straight line as a function of 6. The T(8) function fa11s=:
below this stréight line between points 1 and 12 and reaches a value of}
97.8766K,' This.is>0.122°K lower than the value at this angle usiﬁg'fhéi
'straight-1ine3prediction. Sinée the.assumed temﬁerature resolution 13 0.1°K_
such a miﬁimum is detectable and the two regions are resolved. For"wl =Al° =
9971, D = 145.5 2 = 30.9 m.'.If the temperature resolution is pqorer or the-
£éam efficiency is poorer than the necessary)antenna'diameter is larger.‘
>Furthermore, the antenna diamefgr increases if the orbit height isllarger than.'
the 573 km assu@ed in the examplé. Additionally, the résolution‘deteribrates-
»Lﬁversely-wi;h the cosine of the angle accounted. The'combined.gffectbpfl}
these factors can cause an increase in the requiréd aperture by as @uqﬁ as
.SOZ;‘ Ihué it can be concluded that the antenna diametef for the.presently .”
.contemplatgd resolution is in the order of 45 m, while the exact vélue cén’be
determined only by a more detailed aﬁd rather complicated aqalysi$;

In the following, a soméwhat different apﬁroach will be taken. The
aﬁtgnna diameter willAbe fixédAfor the above estimated range in the manner
compatible with existing structural development and STS compatibili:y,:_Then

“the obtainable resolution will be calculated for various design conditions.
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The science requirements discussed so far, determine an antenna apertdre
diameter of .D ~ 212X for a nominal orbit height of H = 573 km, if the
assoclated temperature resolution is approximately AT = 0.12°KQ4 This set of
(DA' H and AT) chéracteristicsrrépresent the vasic complexity of fhe ;ystém

which has the desired AR = 10 km spatial resolution. While the optimizatioh

of the D, H, AT set is important the basic complekitzﬁis determined'by AR,

Another independent complexity factor is the selection of éolarization'
mode or modes. .

The polarization‘mode of the antenna affects the measurands becauée the
' reflection coefficlent, thus the related noise temperature is a function of.
the boundary conditioné bgtweenitwo homogeneous region. 1In the case of thel
‘atmosphere and Earth surface bddndary the reflection coéfficient is'différent
" for the paréliel and perpendicular electric field componént of the 1ﬁc6m%ng
elgtromégneticiwéve,A Thus the observable noilse température is a fqnctioﬁ éf
the polarization angle or more generally, polarization mode. Furthermore, in
_éase of a rough sufface (like for waves 6n the surface of the water) the noise,
Atemperatﬁre is a different function of the surface roughness for different |
»pblarization angles. If éensitivity to surface roughness mﬁst behﬁinimizéqu
then vertical polarization is perferable at a relatively iarge, fixéd
incidenée angle. This can be achieved by one polarizatibn. If sensitivity to
incidence angle must be minimized then the average noise temperature for |
‘horizontal and vertical polarization must be calculated. This requires the
availability of two polartzations.

.'-The measurement of condensed water (rain) in the atmosphere is based on_

the scatter mecﬁanism agssociated to the rain droplets. For this purpose
circﬁlar polafization is desirable because it achiéves near 1ndebeddence on

_drbplet shape.
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'Thé'present application is related to surface noise temperature measure-
ments, thus linear polarization is preferable. For ;he comtemplated pushbrqom
_ type bean struqture_the antle of incidence varies from beam to beam. Thus it
would be desirable to include two orthogonal polarizations. On the other
hand,'tﬁé provision of two polarizatioas fquire a doubling of the beam.
forming. network. This approximately doubles the volume required for the feed
Acircﬁit;' A more detalled analysis of the impact of such a reqqireﬁent shows
 that dual polarization can be implemented only at the expense of reducing the
quber of beams in the pushbroom, due to Shuttle space limifations, ThiS'iSi
considered aé a bad trade off between Improved noise temperature measuring
accuraéy aﬁd reduced éoverage. Thus, the single polarization system wgs
séleétéd'as ﬁﬁe baseline;fér the present study. F;f this situation “vertical™
:lingar polarizatioﬁ is the preferred polarization mode. It may be noted that
the actual polarization at the point of incidence is approaching vertical only
-for“near grazing angle condition. for a nadir»direction beam the polarization
ié always parallel to the surface of the Earth. The general beam in the
pushbfoomlhas an intermediate angle (say 45°). If "horizontal” pdlarization
 18 selected at the antenna, the angle at the surface of the Earth is nearly
 6“, independent on the angle of 1nciden¢e. | .

The sciénce requirements represent an additional 1mportan£ complexity
dfi?erlqn the radiometer gystem through the value of the required temperature

and spatial resolution product. This can be seen from the following simpie

]
1

calculations:
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The temperature resolution is given by

2T

AT = S
(3e '

where
TS.% Tg + TRX is the system noise temperaturé
B = is the predetection bandwidth = 1/2 of 27 MHz
t; = is the integration time of the radiometer
.In'the above expressions
Tp = temperatufe‘of the reference load

TRx = i3 the noise temperature of the receiver system

2
ty 2t = MR) . dwell time
vS -
AR = diameter of the footprint (assumed to be circular in shape)
‘o v = orbital velocity projected to the ground = 7.6 km/s- for H = 573 km-

S swath width

Inserting ¢t into the expression of AT the ATAR prbduct is
i

i
H

1

ATAR = 2Tg (%§)1/2. It was shown previousl& that" ATAR < 1°K km - isldes{faﬁle
for the pfesent applicationf For this case the system»noise temperature»muét
be not larger than

Tg = 298°K

Assuming . TRxo = 40°K front end noise temperature and a ~ 1dB circuit loss
in the antenna T, = 40° + 75° = 115°K. For this case the reference load
must be TR = TS - TRx = 183°K, or better. This méy be achievable by a

thermoelectrically colled load. Alternatively, the load may be kepp'at_293°K

17



'fbom temberature. In this case Tg = 408°K and the achievable tempera;ufe,
resolution deteriorates to AT = 0.137°K. If it is desirable to keep the
ATAR product at 1°K km, then the increase of the load temperature resulis at
37% increase in antenna diameter! (From 45 m to 61.6 m.)
The above discussions have been conducted for a single beam. In an
: actual_systeﬁ a number of simultaneous beams must be formed in order to obtain
‘the necessary swath using a single satellite. For a given percentage of:
coverage revisit time and ARAT product the swath 1s uniquely detérmined._
Since AR 1is given the number of required.beams are |
Dl = S
. AR
fable 2.4 shmmérizés the realtionship between séience requiretdents and- _

radiometer system complexity on the basis of the above considerations.

TABLE 2.4

Relationship between science requirements and major system complexity

characteristics for L-band radiometer application

Science requirement ' Major complexity drivers

Product of spatial and temperature resolution Antenna diameter in wavelength

‘Revisit time Number of beams
Coverage percentage Orbit height
Independence on angle of incidence . System noise temperature

(TRXO ’ 0’) TR)
Polarization modes .

e

For ;he purpose oflthe bresent study the ;onfiguration and the overa}l'
-‘strUCturaI diameter of the antenna is given (hoop column antenna with maximum
118 m structural diameter). Consequently the antenna diameter in wavelength

can be influenced only by the number of division applied to the overall

aperture. .If no subdivision is employed a certaid amount of blockage

18



(séatter) is unavoidable. With the use of subapertufes the scatge; can. be
greétly reduced but with increasing number of division the avallable
subaperture diameter for the formation of a beam decreases. At tﬁe.samé time .
the undesirable coupling between subapertures,; due to spillover r;diatién
increases. This limits the number of~usab1e subapertures to about-é. Thus it
is adequate to éonsider singlet, doublet, triplet and quadruplet aperture
cénfigdrations'oniy. In each case there 1; a p:actiéal upper limit for the
feasible numﬁer ofAbeams; Tﬁislié caused by the deterioration of bgam quality
with increasing scan angle.> for émall number of subaper;ﬁres, the avalabie
-subapertﬁre‘is large and the beamwidth is small. Thus in terms of beamwidth a
-large number of beam scan 1s nécefsary to cover a given swath. Tﬁis:requires
‘rapidly increasing feed‘élusters for increasing scan aﬁgle until the'sygtemlis_
limited by deteriorating beam quality, feed losses and feed volume. |

For alrge number of subapertures, like the case of the quadruplet,ﬁthe )
héSired scan angle can be achieved with less feed loss and feed volume.? It ié
,qiear that this case has poorer spatial resolution, but the variatidn:of the
ARAT ‘product as a function of the number of subapéftures cénﬁq; bg4predicted_
wi;hout more involvéd analyéis.

On the basié of‘TaBle 2.4,thé system engineering tésk for the -radiometer
caﬁ be‘defined by the éelecti§n~pfocess for optimuﬁ numbér of sgbéper;u%éé;
nqmber of beams, orbit height, system noise temperature aﬁd polapi?ation_ﬁodes’
~1f the spatial-temperatue resolution product, revisit time, coverage per- .1
centage and dependence on angle of incidence is given.

These system engineering considerations are presented in._ Section 3.
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3. SYSTEH ENGINEERING CONSIDERATIONS

| .Thé system engineering considerations leading to optimum selection of
antenna 'characteristics will be presented on the basis of a simplified model.
This model characterizes the main physical features of the probleﬁ only, yet‘
.1t is adequate for acceptably accurate trade off analysis. |
' Fét the antenna design optimization the relationship between the antenna
v _related‘éoérdinate system and the grouad related coordinate system must bé,“"
‘sstablished.

s Figufe 3.1 shows the éppliéable geométry. It is ;ssumed that the

saééiltte éarryihg the.éntenﬁa'is in point S, ét'é'ﬁeight h ébove a
. sphé£{¢al Earthvwifh a radius of Ry = 6372;88'km; vFurthermore, it 1s-assumed
ﬁhét thé.satellite moves alohg a circular orbit witﬁ'an orbital velocity of
ve The projection of the satellite toward the center of the Earth produces a
.grdund trace on the surface of the Earth. Thé speed of this sateliité’projec—
éion point along the ground trace is Vge

A péint P within the field of view of the antenna on the surface of the

Earth can be.characterizéd by the half cone angle, 8, which is measured |
ﬁeﬁween the direction of nadir and the direction SP. AAlternatively, the .
p&sitioq, P: cah be defined by a which is the éﬁgl?ubetween nadir and the
'1ihe connecting VP: Qitﬁ the center of the_Earth. Tﬁé angle of incidence at
the location of P for a wave which is traveling from the antenna toward P
is 6.

From Figure 3.1 one can derive the following relationship

R + tan a sin §

R+hbh=sa cos(a + 8) (3-1)
or
h = 1 -1 tan a sin § (3?2)

cos & ~cos(a + §)
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- location of satellite

P = location of observed point on earth
6 = elevation engle from P to S
8 = half swath angle
o = angle between P and S from center of earth
Relationship between h, « . 5 and 8
| _ ' "tanaslns_
R*h=tsa* RTos tavsey
_ T tana sines
h=R (mss 1 * Costavs)
The spot size minor anglﬁn major dimensions
A

Xy = LBggy Xy = siis

Figure 3.1 - Geometry of the fleld of view for a low Earth orbit satellite

antenna.
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The expression for observable fileld of view

= o _ - -1 R sin o _
B 90 (o + 8§8) tan R{T = cos o) + 1 : ‘ (3-3)
If P 1is the furthese point to be observed, then B 1is the half angle of the

swath of the satellite.

The distance between the antenna and the point to be observed 1é
L = {[R(1l - cos a) + hl12 + (R sin a)?2 }1/2 (3-4) .

If the beamwidth of ‘the ‘antenna 1is GB_wthen n beams are necessary to

fill.in the " 28 swath angle by a contiguous set of beams, thus

- The" 6p angle on the ground defines an illuminated spot. If the antenha
beam has a clrcular cross sectlion the spot shape on the ground 1s approxi-~
mately an ellipse, except for a nadir directed.beam for which it is a circle.
The major axis of this ellipse is in the plane of Figure 3.1, The minor and

major axis dimensions:

HY -

" AX

m = 19 o (3-6)
AXm .
ARy = sin 6 (3-7)

The definition of 0p 1s somewhat arbitrary. Ideall&, it should be the
anglé,.which contains the antenna power, which is 4w, A somewhat more
practical definitton is the angle, which contains 98% of the power for a
perfectly accurate antenna. This 1s called the 98% power angle of the
antenna, 698%' Using this definition, bg = egsz and the spatial resolution

v

of the antenna, R 1is
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"AR

B s e

[R(1 - cos a) +Ah]2 + (R sin a)

sin

a

21/2

987

(3-8)

.' In order that the satellite maintains its orbital height, h it must

move along its orbit with an orbit velocity of v. The travel time for one

orbit period for perfect circular orbit is approximately

- are needed in

‘for

From the

the following.

1

6.987 x 10 O(hnm + 3440)1/2

0.0250845 (h™™ + 3440)3/2

solar sec

siderial hours

(3-9)

above formulas some basic relationships can be ca]culafed which

Table 3.1 shows the value of period time and the number of orbits, Py

j

= 1,2,3 and 4 days as a function of orbit height. The corresponding

values of v

and vg

Period.time

are also exhibited.

TABLE 3.1

versus orbit altitude for circular orbits

_— . . km/s km/s’
hkm.. pom rsec: rHr p| Py Py : P4 ey vg
300 161.98 5333.28 1.48147 16.200 32.400 48.600 -64.800° 7.861  7.500
350 188.98 5394.04 1.49834 16.017 32.035 48.053 64.071 - -

400 215.98 5455.02 1.51284 15.864 31.593 47.593 63.457 L
450 242.98 5516.23 1.53229 15.663 31.325 46.988 62.651 7.771 7.414
500 269.98 5577.67 1.54935 15.490 30.981 46.471 61.961 :
550 296.98 5639.33 1.56648 '15.321 30.642 45,963 61.284

600 323.97 5701.20 1.58367 15.155 30.309 45.464 60.619 7.685:- 7.016
650 350.97 5763.32 1.60092 14.991 29.982 44.974 59.965

700 377.97 5825.66 1.61824 14.831 29.661 44.492 59.323

750 404.97 5888.22 1.63562 14.673 29.347 44,020 58.693 7.600 7.251
800 431,97 5951.01 1.65305 14.519 29.037 43.556 58.074

850 458.96 6013.99 1.67055 14.366 28.733 43.099 57.466 7.546 7.199
900 485.96 6077.22 1.68812 14.217 28.433 42.650 56.867 _
950 512.96 6140.66 1.70574 14.070 28.140 42.210 56.280 7.493 6.514
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From Table 3.1 certain orbit heights can be calculated for which p1 is

an integer. In this case the satellite is back to an earlier position with

j periodicity. j 1is the revisit time of the satellite.

For such orbit

heights the appearance of the subsatellite point at any ground location is a 4

periodic function of time. In the following, only such orbit heights will be

considered.' The orbit numbers corresponding to integer values of P will be

designated By ki'

Tables 3.2 and 3.3 show the period times and orbit heights corresponding

to k-i for j = 3.and 4 day revisit times, respectively.

1

. show the relationship graphically.

Figures 3.2 and 3.3

TABLE 3.2
Orbit periods and heights for 3 day revisit time
k3 'Tse Cc T hkm
48 5400.00 _ 281.338
47 5514.89 375.362
46 5634.78 ‘ 472,784
45 5760.00 573.801
44 - 5890.90 ‘ © 678.622
43 6027.91 787.507
42 6171.42 - .900.677
41 6321.92 © 1018.421
1 i
TABLE 3.3
Orbit periods and heights for 4 day revisit time
" : sec . | km -
. ki T : . h ,
64 5400.000 . 281.338
63 5485.714 281.338
62 5574.193
61 5665.573
60 5760.000 : 573.801
59 5857.627
58 - 5958.621
57 6063.158 889.465
56 6171.429 E
55 6283.636 : :
54 6400.000 . 1153.218
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Figure 3.2 - Orbit numbers and period times versus orbit helight for 3 day
a revisit time.
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Figure 3.3 - Orbit numbers and period times versus orbit height for 4 day
. : . revisit time. : -
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After one orbit period time, T the subsatellite point on the Earth
moves by K(¢) from West to East, where K 1is a function of latitude ¢ of
the subsatellite point. For a polar orbit (i = 90°) this produées K(0)
distance between subsequent subsatellite poinﬁs at the equator'of'the Earth.
For larger latitudes the disfance between the tracesjis 1ess‘than‘ K(0).
Table 3.4 displays the Separation between tﬁe oth and ISF orbif éraceé at
o = 0 (equator) and ¢ = 45 latitude versus kj. ' '

TABLE 3.4

Separation between consecutive orbit traces caused by the

rotation of Earth for polar orbit, 3 day revisit time

Ky nkm S R(OK™ K(45°)K™
48 281.3 © 2500.00 1769.62
47 375.4 2553.19 1807.27
46 - © 472.8 2607.51 1846.57
45 573.8 2664.21 1887.59
44 678.6 - 2727.27  © 1928.47
43 7875 2785.29  1975.39
42 7900.7 2850.07 2022.41

41 ' 1018.4 2917.91 . 2070.54

By definition kg orbit occurs in 3 days. Thus the k3th‘ orbit trace

is the same as the Oth. Some of the orbit traces are between the 0tM and

‘the k3th orbit'trace,and divide the gap K 1into smaller sections. The
situation best can be illustrated by an example.
Table 3.5 shows for k3 = 44 polar orbits the distance from the sub-

satellite point of the O orbit at the equator and ¢ = 45° for various

- values of the orbit number.
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TABLE 3.5

Separation between orbit traces for kq = 44 for various

orbit numbers (h = 678.6 km)

Orbit no. Flight direction K(0)km K(45°)km

0.44 N 0 0
29.5 S 454.55

15 N 909.10 642.82

44.5 s 1363.65 ,

30 N 1818.20 1285.66
15 s 2272.75 -
1 N 2727.27 1928.42

30 S 3181.85

“The geometry of the ground traces and the corresponding coverage area 1is

exhibited for'3 representative cases:

1. k = 44, h

2.k = 43, h

fl

3, k = 44, h

678.62 km, 1

787.52 km,

678.62 km,

i

i

]

90°, AXy = 9.2 km (Fig. 3.4)

90°, AXy

60°, AXy

10.42 km (Fig. 3.5)

= 9.2 kn (Fig. 3.6)

'Thesé‘figures have been drawn for a scale which is distorted in IOngitﬁde by

. cos ¢. The periodicity of the segments corresponds'correspondsato the dotted

" lines. The coverage within a segment is calculated for the solid line

- boundaries. The swath for the figures 1s selected so that at the equator the

qombidﬁtion of North and Sourth traces results in 100% coverage. The

éorresponding swath is called So- For polar (or near polar) orbits the shape

_ of the uncovered areas are North-South elongated "diamonds". For 60° orbit

inclination these diamonds are approximately square in the vicinity of the

equator. For the condition of Figure 3.4 the maximum uncovered area occurs

around :¢'= 27.5°. Full coverage is obtainedifor b 52.65°.

'
I b

Soﬁe interesting characteristics can be derived from the displayed

geometries.
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Figure 3.4 - Geometry of ground traces for k =
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k =43
h=7875 kn
i =D

Ba éﬂll n E Z °0

1637 451 48 &
1841 58.2 5% &
2.2 530 59 D
B.29 683 €9 %
2746 8186 81 100 0

65.1 km

0o
- \
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Figure 3.5 - Geometry of ground traces for k = 44 h = 678.62 km, 1 = 90°.

- 30



e $=36°
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Figure 3.6 - Geometry of ground traces for k = 44, h =-678.62 km, 1 = 60°.
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 Fighrés 3.7 énd 3.8 showAthe varlation'oEAco§erage percentage vérsus
' léﬁitudé for 1 = 90° and,60°,-respectively, for k = 44 (h = 678.62).
(In Fig. 3.7 the instanteneous, in Fig. 3.8 the running average of the
coverage percentage is shown, where the average 1s calculated over a range of
Ap = 4°.)‘.I£ can be seen‘that for 1 = 90° the first minimum coverage
latitude is around ¢ % 27° while for .1 = 60° this shifts to ¢ ~ 15°.
Fgrthetmote, with increasing swath the latitude of minimum coverage can be
1oweréd:(t$vabout 4~ 10° for 1 = 60°, S = 681.7 km). Witﬁ i = 60°,
.S ='681;7 km assuresAa 100% coverage for 36° < ¢ < 60°. 

"AFiguré 3:9 exhibits fhe average céveragé for' i‘;.90°: as a function of
ﬁhe swatﬁ,:Aé; ‘It can be seen that for k = 44,' S = 650 kn 1is needed for
IOOZ‘éoVerage.- However, for the more realistic swath.of 450 km nearly 927%
coverage_ié*aghievable.

Figufe 3.10 presents the achlevable average coverage as a function of
antenna beams for AXy = 9.2 km spatial resolution. For 1 = 90° 'thel
average isvcalculated assuming 0 < ¢ € 90°., For 1 = 60° the average is
computed assuming O < ¢ < 60°. As expected, the inclined orﬁit givgs a
bétter.covergge in its applicable area, provi&ed thevnumber of beams‘a;e
-;1 j> 55.
|  A§c6rding to Figgre 3.11 for 1 = 90°,--n = 50,?5.9% and 87.4% averagé
coverage can'Be dbtained with 9f2 km and 10.4 km spatial resolution, respec-
_tively.' Any further increase of average coveraée pé;centage requires a rapid

‘ 4

increase of n. » i

32



c% i=90, k=44, h=678.62 km

50}
40}
r
| 4 | 1 1 L 1 1 )
10 20 30 40 50 §°

Figure 3.7 ~ Variation of coverage versus latitude,

swath, S (i = 90°).
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i=60° k=44, h=678.62 km

70t

1 I 1 | |
10 20 30 40 50 &

Figure 3.8 - Variation of coverage versus latitude, ¢ “ for various values of
' ' swath, S (i = 60°). . ‘
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ky=44, h=678.6 km
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Figure 3.9 - Variation of average coverage versus swath for polar orbit.
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kg- 44, h-678.6 km, Xy - 9.2 km

100

: y _.;
o2
*96

88

',.‘3‘5 . ) - o n
50 55 60 65 70 75

. Figure 3. 10 —- Variatlion of average coverage versus number of antenna -beams for
' _different orbit incllnatxons
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=% " i=90°

100

‘ Figure 3.11 - Variation of average céverage versus number of antenna beams for
different orbit heights. :

37



Table 3.2 indicates that kg = 48 results in too small orbit height
(unacceptable large atmospheric drag) and ki3 = 42 results two large orbit
vheight (unacceptable poor resolution for the given antenna). Thus onl&
43 < k3 < 47 should be considered. Among these values k3 = 45 must be -
omitted, because it results in ground traces which do not fill the gap between
the OFh and 45th orbit. The remaining values for further considerations
are ky = 47, 46, 44, and 43,

Tables 3.6 and 3.7 display some of the characteristics of these remaining

orbits.

TABLE 3.6

Separation between orbit traces for k4 = 46 and various

orbit numbers (h = 472.8 km).

Orbit no. Flight direction K(0)km K(45°)km
0.46 N 0 0
15.5 S 435,39

31 N 870.08 615.75
46.5 S 1306.19
16 N 1741.12 1231.16
31.5 S 2176.53
1 N 2611.44" 1846.57
16.5 S 3046.83

TABLE 3.7

Separation between orbit traces for k3 = 47 and various

orbit nuﬁbers (h = 375.4 km).

Orbit no. Flight direction K(0)km K(45°)KD
0.47 0 0
31.5 425.84
16 : 851.86 602.36
' 47.5 1277.65
32 1703.73 1204.72 .
16.5 2129.79 .
1 2555.86 1807.27

32.5 : . ' 2981.65
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On the basis of the previously‘presented formulés it is poéﬁible to
célculate the relationship between h, B8, a, and 6. For the given orbit
height and latitude of an Earth point, Tables 3.5, 3.6 or 3.7 give the
applicable K(¢$) separation between orbit traces. From this «a can‘be
determined. Then the use of F{gurel3.3 yields B8. The results are exhi$1ted
in Figure 3.12.

Using the above data the design procedure is illﬁstrated by. the following |
example. If kg = 44, then «ﬁ = 678.6 km. At ¢ = 45° latitude the separa-
tion between the North directed traces is K(45°) = 642.83 km. This corres- B

ponds to

a = sin— r = sin s T 215 ="sin_ _1;-75

Rg Rg . . 6372.88"°

1 1 0.5 R(459) 1 2 - 2.8890

~From Figure 3.4
B~ 250, 6 ~ 630

Assuming 63 = 698% = 0.6865°, the number of required beams for contiguous

. coverage at ¢ = 45° latitude is
a=2en
o B

ff kq = 47, then h‘=-375.4“km.'énd K(45°)16 = 602.3 km. For such a case
a=2.707°, B2 37°, &% 50° and n - 108. SR

It can be secen from the example that while the spacing between ground
traces is not very sensitive to orbit height the number of necesséry beams fof

contiguous coverage varles rapidly with h.
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D' =118m D=18.%6m f = 1035 Mz, A= .2, P=2 B, 5qp Bgy =-6865°,
B Bg=3353°, D, =2%0.68 a=21.2239m |

. {
..... P
~
----- ! \ . P .
[ U S I ST bjs —]
I 5o i
: ~

B

- Figure 3.12 - Variation of various field of view characteristics versus number
".of orbits in 3 day revisit time systems.
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The variation of spatial and temperature. resolution with orbit height
represents the other aspects of the orbit height considefations. This ié dis-
played in Table 3.8 assuming 698Z'= 0.6865°. The same table indicates the .
orbit separation at the equator and the number of beams necessary fd% con-—
tiguous coverage at the equator when both the North and South traces are

utilized.

TABLE 3.8

Resolution and required beam number characteristics for e3dB = 0.335°,

9% = 0.686°, 100% coverage at equator, N and S traces utilized, ..

polar orbit 3 day revisit time.

.. km/s
v

. km km o o o km v km km
ky B or a® 6 8 tkm o ax K™ sxy .

47 375.4 425.5 1.913 58.77 29.31 434.6 5.206 6.088 84 7.2607

L 46 472.8 434.8 1.954 63.52 24.52 523.7 6.274 7.009 72 7.1062
et 44 678.6  454.5 2,043 69.54 18.41 719.5 8.619 9.199 54 6.7972
" 43 787.5 465.1 2.091 71.54 16.37 825.2 9.885 10.421 48 6.6427

;It can be seen from Table 3f8 that the spatial resolution improves
rapidly with decreasing h» while the speed of suborbital point increases.
Tﬁis reduces the available dwéll time, thus temperafure resolutiﬁn.. Table 3m9
exhibits the variation'of normalizedAspatialiresoluﬁion, (AXMjﬁ,lgféund
speed, (vg)N, dwell time; tN; and the product resolution (AX&)N(AT)N as é
function.of h. '

It can be seen from Table 3.9 that for a given antenna the product

resolution improves with lower orbit height. Thus it can be concluded that
| : .
the orbit height must be as small as possible, compatible with the largest

n which can be accommodated within the constrains of the launch vehjcle.
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TABLE 3.9

Variation of the normalized resolution characteristics

ky. h (8% )y (vg)N ty (AT)y  (AX)(AT)y
47 - 375.4 1 1 1 1 1

46 472.8 1.151 .9787 1.176 .9221 1.061

44  678.6 1.511 .9361 1.614 .7870 1.189

43 787.5 1.711 .9149 1.870 .7312 1.251

The probléms associated with increasing‘ n .Can be seen from Table 3.10.
fhis table exhibits the full swath angle;’ 28,.of the overall antenna system
'énd the maximumiscan anglé, ieM, of each subépertdre when the overall A-”
apertufe isVdivided into N = 2, 3 or 4 subapeftﬁfes. ‘Fof thisvsi%uétiqn'the
' difficﬁity éélmake a properly formed beam can bé:characterized By the
éN.=”eM/eédB’ normalized scan angle. Note thétAin Table 3.10 V63 iis cén-
stant. This ASSumes that the overall diameter of the antenna aperfuré is
idéré;sed to keep the subaperture diameters in wavelength constant as the

number of subdivisions increases.

TABLE 3.10

Required scan angles for various numer of subapertures, N, assuming .

- contagious coverage at the equator, é3 = 0.355°, N and S traces

utilized, polar orbit, and 3 days revisit time.:

i

28°/N | 105

S oy = 0y/03
ky n 28° N=2N=3 N=4 N=2TN=J N

N=7 N=3 N=14

[}
£~

47 84 56.62 29.31 18.87 14.15 -14.65 9.43 7.07 . 43.73 28.14 21.10
46 72 49.04  24.52 16.34 12.26 12.26 8.17 6.13 36.59 24.38 18.30
44 54 36.82 18.41 12.27 9.20 9.20 6.13 4.60 27.46 18.30 13.73
43 48 '32.74 16.31 10.91 8.18 8.15 5.45 4.09 24.32 16.27 12.21

It can be seen, that at one extreme, for k3 = 47 (h = 375.4 km) with

i

N =2 subapertures the antenna must scan 43.73 853. This cannot be achieved

42 .



by a'focal point feed paraboloid reflector. A paraboloid torus obtics may be
us;ble in this case, but such a geometry is characterized by rgiatively poor
‘reflector utilization and partial blockage. Furthermore such a coﬁfiguration
néeds a large subarray per beam even for small scan angles in order fo |
compensate aberatiﬁns in the optics.

At the other extreme of orbit height range, (kg = 43, h = 787.5 km) the
product resolution is 25% éoorer. However, N = 4 subapertures requires
12.21_93 beamwidth scan only. This can be comfortably realized with a
relatively large F/D ~ 1.3 and modest size subarrays.

At intermediate orbit height (k3 = 44, h =‘678.6 km) N = 3 éubaperture
requires Oy = 18.3 85 beam scan. This results in acceptablé béaﬁ quaiity
with somewhat larger subarray,,thus with an increased size overall feéd
cluster. Since the feed cluster complexity and volume ié roughly prdbortional

with 6§ the overall feed system volume is proportional with nes.' The

h&rmalized bolume of this function is exhibited in Table 3.11.

TABLE 3.11

Relative variation of overall feed system volume with k3;v

2
neN
ks N =2 N =3 N =4
&7 23447 9.295 5975
46 - 13.470 5.980 3.369
44 5.690 2.527 1.422
43 3.967 1.775 1

The feed volume is taken as unity for the kg = 43, h = 787.5 km and
N = 4. The volume increases by 5.225 times as the orbit height 15 reduced
from 787.5 km to 375.4 km., Thus a 25% of improvement in product resolution

requires a rapid increase of feed complexity.
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" For constant kg the feed volume 1ncfeases and thg resolution decreases
Qith ddecreasing N.

If kg = 44 and N is decreased from 4>to 3 then for constant resolu-
'ﬁion the pverall antenna diameter can be reduged by 0.75 while the feed volﬁme
increases by 1.777. Provided ;he feed volume increase 1s. approximately com—‘
pensated by feduced reflector volume such a trade off could be attractivé.
This {s so because'the use of 3 subapertures has étructural advantages
félativé.to thg.4 suBaper;ate case. However, f§f a gi&en ovéréll antenna
structure size the lightest (smallest volume) feed requires the §méllest

" .possible k; and the largest possible N.



4. ELECTROMAGNETIC DESIGN
b,i General Considerations

The basic mechanical concept of the hoop column involves the use of a
strong circumferentially‘locatéd hoop and struéturaily rigid, axiall; placed
column. Between these elements a set of guywifés'maintains the static

‘balance. This basic structure supports an electromagnetically reflecting mesh
surface, forming the optically necessary reflector shape. |

From the point of vliew of RF design the reflector is the only useful
contributor to the antenna. Additional elements like the guywirés, the
central column, and the feed of>the optics represent undesirable elemeﬁts as
far as blockage and scatter are concerned.

It can be shown, that by éontrolling the number, diameter, attéchmént
location‘apd material of the.guywires the blockage and scattgr related to
;hése elements can be reduced to avpractically acceptable level. Onlghe;other

~hand the 1ocation of the column at the structural symmeﬁfy.axis':gmains_a
major contributor to the undesirable effects. Additionaily, with inCreasing »
‘number of component beams the feed array represents increasing blockage. This
is causiﬁg a reduction of pattern quality through }ost aperture area and by °
scattering thé intercepted radiation into undesirable angular regions..

" The aone described 1imitations may or may not be tolerable depending on
the special application. When the antenna mﬁst génerate one, or a few com-
ponent beams then the feed blockage itself may be sﬁall compéred to tﬁg
scatter caused by the column. Provided that the column is electromagnatically
adequately transparent such a design may be considered for pushbroom ancennas.
witﬁ limited number of beams and with medium quality sidelobe levels. This
configuration is the "singel aperture hoop column antenna” which offers the

best possible resolution for a given structural diameter. With increasing
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nuﬁbet gf'componenﬁ beams the number of subarrays in the feed clusfer iq—
créasés:. Additionally, for increasing scan.éngle tﬁe qﬁality of beam fofma—
t;on caﬁ 5e maintained only by increasing the number of elements iﬂ the 9ﬁb4
arrays.” This increase the feed blockage untfl the system becomes blockage N
limitédf"Alféfnatively, it is possible to keep the blockage relatively ioﬁ by
"1imitiﬁg'£he'nqmber of elements in the subarrays. For such situétions the
systéﬁ rabidly becomes phase error limited.

It 1s clear from he above considerations that for large componenf beam.
numbeér pushbroom applications the Feed ﬁloﬁkage and column scatter must be
eithet_ei{mihated_or greatly reduced. This requires thé_offset feéding of thé 
,hqép cOlﬁmn_antenha.

Electromagnetically, the simplest possible offset féeding woﬁld requiré
':the use of a single apertureboffset fegd pafaboloid. In .this configuratiéh:r
Ehefhodp*éﬁd column maintains the basic structural symmetry as beforé and:thé
.aXis,of the feed array 1is directed along the axis of the column. Tye'reflec—
tor howeyer; is an offset feed paraboioid, thus it 1s not axially symmétrical
in the;bolar coordinate system with an axis along the axis o the coiumn. :Tﬁe
‘cblumn 1s parallel with the direction of maximum feed radiation ana,the
';catter from the column is similar to the already discussed éase of single -
' apefturé.with small,number of component heams. . However, by 1ncreasing the
offset, the feed blogkage and scétter can be reduced of at the limit
' eliminated; The implgﬁéntatioh of such a system fequires a relatively large
F/D_in order that the shape of the offset paraboloid surface does not deviate
considefably’from the‘shape of its best fit; tilted axis symmetrical para-
bolid. (Sée Fig. 4.1.) 1If this condition is not maintained the mechanical
1mpiemen£ation of the offset feed paraboloid reflecting surface on a.
symmetrical hoop columa structure becomes imﬁractical or imposstbleé

1
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AXIS OF

PARABOLOID ~ COLUMN

Figure 4.1 - Concepf of the single aperture offset feed hoop column antenna.
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It can bé seen from the above that in a single éperture implemeritation using a
hooﬁ colﬁmd_structufe the guywire and feed‘blockage can be nearly eliminated,
while fhé column scatter can be only reduced. Such reduction requires tﬁe.use
of ‘a highly transparent column and mounting the subarrays of the feed rela-
tiveiy far away from the column. _ !

A fufther reductjon of the scatter requires the subdivision of tﬁe over-—
all aéerthre into a set of subaperfufes. When the overall_apeffure is diyided
into two equal halfs, each is illuminated by its own feed'array. This con=
Eigurétioh éllows the tilting of the feed afrayvaxis away from thelaxis Qf‘the
column, thué a simqitaneous reduction of column'scétfer and feed blockage..’
(See'FLg. 4;2.)' Thié configuration offers>a gtéét deal of design freédom.
Whén'tﬁe feed array is not tilted the complete hoop column aperture 1is
tlluminatéa and the best resolution 1s achieved. However, for this case
column scatter and feed blockage is maximum. With increasing feed array tilt '
the scatter and blockage is reduced, but the illuminated aperture for a given
tapér is decreased and beam width is increased.

A practically interesting speclal case is when the desired subaperture
~ contours éfe.tangential with each other. Then the.corrésponding feed arrays
are}néarly outside the projected subapertures. Feed érray tilt beyond this
condition alioﬁs the compete eiiminatioﬁ of feed blockage and the use of
sepérate focal points for the two half reflectors. When the distancerbétween
the ﬁwo focal points is small the combined reflector is stil} nearly axially
symmetrical, this the symmetrical hoop column system offers an efficient

supporting structure.



SUBAPERATURE

SUBAPERATURE
 No. 2 |

Figure 4.2 - Concept of the dual subaperture offset feed hoop column antenna. ,
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Thé advéntage of the described "dquble supaperture hoop column antenna”
is the individual subapertures.are large. Thus comparatively little gain loss
occurs relative to the single aperture case. Additionally, thé availability
of two subapertures allows the assignment of adjacent beams to opposite sub-
apertures;'therefore the feed crowding problem is alleviated.

The.diéadvantage of the double subaperture system is that it providgé :
eitheftéh:approximately 2:1 aperture aspect ratio of reéults in a bad utiliza-
lfbﬁion{of'the AVailable o?erall aperture. The 2:l.aspect ratio by itself is not
neceésariiy an undesirable characteristic. Wheﬁ the dividing line between the
-éubapertqfés is perpendicular to the direéfion of flight, the footpfiht is -
Arelativelybnarrow in the perpendicular to flight direction, resulting in a.
favorable resolution. .On the other hand, it is more difficulﬁ to design the
subarray for elliptiqal aperture shape. Additionally, the coverage 'of the
given swath requires a large number of greatly scanned cqmponent beams.
Acceﬁtable quality Beams for this situation requires a iarge increase of
subarray size for large scan angles. VThis results in large volume for the .
feed érr§y and the overall sysﬁem becomes beam number (of féedvvoluﬁe)

- limited.

Better utilization of the available structure and larger swath angle may
be achieved by further subdivision of the overall aperture. Triple guadrupie
or even higher order subdivision f the aperture may be visualized. (See
' Fig. 4.?.) |

ThL "triple subapergure hoop column antenna” utilizes three ofﬁsét feédb
péraboloid reflector segments. The nominal aperture shape of each of these is
ciréular and the centers of the projected épe?tures are approximately on an
'equilaﬁerél”triangle. For this situation the diametef of the subaperture is

0.48 times the single aperture hoop column antenna (56.81 m for 118 m’
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Figure 4.3 - Concept of the triple and quadruple offset feed hoop
column antenna.
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structufél diameter). The three subaperture utilize 69.52% of the maximum
aVailabléIaféa.

"'Thé;thfiguration createé an unutilized area in the middle of the system.
This éééomd&ates the column and part or all of the feed arrays. The axes of
fheLédbébbftures and corresponding focal points are moved outward from the
cqldmnf"tﬁéreby reducing column scatter and allowlng more space for the féed
éfféys; The feed_array caused b}ockage.caﬁ be fufthér reduced by an addi-

itionalléi1£.0f the subaperture axes away from the axis of the column. For a"
pushbro§m aﬁéenna application oﬁe subapertupe axié is tilted forward in the
" plane containing the flight'direction and tﬁeﬂlocal vertical. The beams fofi
Q this éubapertﬁre are scanned in the plane perpendicular to the offéet'of tﬁé
péfabdloid and cover the center part of the desired swéth.

"'The'beaﬁs for tﬁe reméining subapertures ére scanned in the planebof the
"offset'aﬁ&iéover the right and left region of'the'oyérall swath. The eiéctro—
magﬁe;ic design of the antenna requires two différent feedé, however, the
'ovérall sftucture has three planes for which symmétry can be approximately
maintained. This allows a simplification éf the structural design. .Furthér-»
more, the axis 6f the maximallyscanned beam in each of the three offset re-
,fléCtorbsegments has to be one third away from the axis of the subaperfure
‘relative to the single aperture design. The component beamwidtﬁ is about half
than for the single aperture (causing 0.48 times poorer resolution) thus the
maxiﬁum normalized scan angle is about a factor of 6.23A1ess. This allows a
reddction of subarfay size, more beams and larger swath. |

:fhe,disédvantage‘of this configuration is tﬁe reduction of available

resdlﬁtioq relative fd the single or double subaperture design.



The "duadruple subaperture hoop column antenna” employs a four-way
divisi&q of the overall aperture. Assuming that the subapertures are equal
their diaﬁetér is only 0.45 of the structural diameter (53.51 m for 118 m
diameter). ' The four subépértﬁres utilize 82.27% of the maximum area.

The use of four subapertufe§ leaves more space in the center oflfhg-‘
system-for the feed arrays. Thes axes of the subarrays are on the conical
surface in order to furtﬁer minimize scatter and blockage. Two diagonally_'
‘opposite axes are in the flight vector - local verticél defined piane,'thé
remaining axes are in thé perpendiéular to flight plane. The first set of
subapertures ére associated to the inner left and right side of the swath. vInv
éhese'the‘béams are'scan?gd inlthe plane perpendicular to offsef; fhe second
'éef'of antennas cover the outer left and outer right side of thé swathf. In
"fhis set the beams are scanned in the plane of offset; Each antenna must be:
gcanned over one fourth of the totél swath. Thus the maximum nérmalized:écan;
angle is about 8.82 times less and the resolution is 0.45 tiﬁés,léss'thgﬁ for
._é single aperture using the same structure. The arrangemént results. in more

béams-and larger swath ‘than for the triple subaperture design at thé price of’
" an insignificant 6.1% poorer resolution.
It can be concluded thatlfor a larger swath it is advantégéohs'to in-

'é;ease.ché qﬁmbér of'subaperturés. .On ﬁhe other hand, with'foufgsﬁbapeftﬁres
it is not practical to keep the tilt angle of the reflector_ségments'app}oxi—
mately identical. This causes a relatively large deviation between the
Iactqally requiréd reflector surfaces and the surfacé of the ériginial commbn
paraboloid. It is dffficult té accomodate thé boundary reéions beﬁween ad*.
jacent reflector segments, where large steps are required. Due to these
reasons the electromagnetic advantages of the quadruple aperture design;ére:

partially negated by increased mechanical design difficulties.
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In ;he_following some additional details are given for the single,
double, triple, and quadruple subaperture configurations with emphasis on the
;riplevsqbaperture desing. The triple subaperture coacept was seleqted as the

baseline for the present application.

"4.2 Single'ApertureICOncept

';’Thébutilization of the hoop column antenna in a single aperture confing
ration is illustrated in Figure 4.4. 1In this geometry the go?érning dimen—
" sions aré the structural diameter of tﬁe hoop, Dg, and £he length of the -
‘et

ICOlﬁmn; L... The axis of the column is perpendicular to the lane of the

hoop. The hoop and_colﬁmn form a symmetrical structure. - Relative to thesé':
eléments the paraboloid reflector represents an asymmetrical surface. Its

axis is in the direction of Y, which encloses an angle ¥ with the axis of

o
#he cbiumﬁ. The paraboloid is offset fed. It is cﬁaracterized by focal
 'distancév F and offset Q. Q 1is selected so that all or most of the feed
arréy:ié’OUtside fhe rays;associated with the boundary of the paréboioid.r In
the plane‘gf offset the meridian curve of the paraboloid contains the H, :I,
ahd J.vpéints, where J, the outer terminating point of the parabolbid, ist
seigc;ed in sucﬁ_a wa§ SO ﬁhat the hoop is not causing blockage. The column
1s constructed by using lower and upper sections with maximum envelope dimen- -
_ sions"ti and ;2, respectiveiy. The lattice structure-ofvthé éolumﬁ has 25%_
or better transparency.
| For the described coﬁfiguration a radiating element located at the focal
! A

point AFP* dées not cause blockage. However, the column interferes with the
-fadiatibh of the element. When the element is @ovéd away from the axis of the
_ éolumn(by;a diSt#nce S, then the beam is-scanned in the plane of offset by

approximagely a = tan~! S/Lc. When a linear feed array with an axis.perpén—

dicular td the plane of Figure 4.4 is placed at distance S then: for the
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Figure 4.4 - Geometry of single aperture offset
column antenna.
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gehéral element in this array the beam 1s scannéd both in the plané of the
'offset and in the plane perpendicular to offset. 1If the plane of offéet is
the direction of flight then the 1inéar array forms a set of ﬁéams in a push—A
broom éonfiguration in the plane perpeadicular to flight. The plane of the’
pusﬁbfoom"is :ilted forward or backward relative to the axis of ﬁhe'
parabqyéid.' '

With increasing 'S the shadow cast by the column on the paraboloid
'decreaééé whilév,q_ increases. The first effectvreduéés scatter, the second
"deterfdfétes the beam shape. It will be shown Iattet1that tﬁe loss’infbeam,'
_formatibﬁ is‘small.or comparable to tﬁe deterioration caused by the'bé§ie~beam
vsCan.df the pushbroom itself. | e : e |

The ‘dimensions given in Figure 4.4 are for an antenna, which résﬁlts in a
nominal 10 km spatial resolution with h = 787.5 km (kg = 43) orbit height.ﬁ
. Fop'that situétiqn Ps = 50.95 m, while D = 47.85 m The effective diameter

.of-aﬁtehqg,is 93.91% of the structural diameter and the antenna utilizes 88,2%
. of the quiﬁum avaliablg aperture area. ,

Figure 4.5 depicts the boundary of thé geometrical blockage associated to
.the Figure 4.4'geométry. For this figure S = 1.4 m 1is chosen. This |
réprésents'the closest feed to the column. Addtttonglly, vy = 0.5 m and
vy = 0.2 ﬁ is selected. With 257% column transparenby'the geometrical
bloqkag? caused by the column for the closesﬁ subarray 1s 0.762. This
corresp;nds to 1.52% total efficiency reduction. For the éubarrays, whiéh are
furfhe; than S = l.4 m away from the column the blockage loss is less, but
the scan'éfficiency is poorer.

'It'ié felatively straightforward to calculate the radiation pattérn or

Vgain’contOurs of the above described antenna for a single radiating element.

However,; for comﬁlicated subarrays the computation is quite lengthy.
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Figure 4.5 - Blockage caused by the column in single aperture hoop. column :
antenna for S = 1.4 m subarray location.
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Additioﬁaily, it is someﬁhat difficult to compare.complicated'radiation
'chéfacteristics as a function of different design pafametérs.

'Alternatively, it is easy to construct a computer model whicﬁ calculates
the beam efficiency of the antenna on the basis of the phase'distribution in L
‘the.apér;uré of the paraboloid. Using Figure 4.4 for a radiating element in
'poiét 'C-Uthe path length to a general poiht on the reflector and to the end

- point-at the edge of the_aperture is given by

1=l -an? s x+ 3?22 (4-1)
e 2 271/2
Ty = [(1, = a0 + (X, + B) ] (4-2)
. _ r
.where
A=Ssiny,, B=Scos¥y, A' =F-A (4-3)
,Using ;he.above equations the x,y coordinates of the phase fromt can be
.expressed as
'x =X + R sina B | L ()
.y'=-Y + R cos a _ b (4-5)
. _ _ : . ,
- where
)
R=Ty-T i (4-6)

~ Once the phase front is known, the phase deviation relative to a best' fit
plane wave can be calculated. The results for varlous scan angles are shown -
in’Figure 4.6, The pérametér of the curves 1s the normalized scan angle

ay = eM/ej where 0Oy is the angle between the wave normal and axis of

baraboloid and 65 1is the 3 dB beamwidth of the unscanned beam.-
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Figure 4.6 - Phase error in plane of offset for various ay = 8y 0

normalized scan angles.



Figure 4.6 assumes the geometry shown on Figure 4.4 and an
AT+ (1 - ANA - £HP : - (4-7)

type of aperture distribution. With A = -14dB, P = 2, and 64 = 0.339°,

Oy 1is given by the direction of the normal of the best fit phase fromt.

Oy ~ o = tan"l 2 IR (4-8)
) 0o . .
wheréﬂ
S F ' ' S I,
Vo =52 ' - : c (479
- (équOJ S

It can be seen from Figure 4.6 thétvthe peak value of phase error §
‘varies between 25° and 225° while ay varies between 3.43 and 20.56.

| ‘The effeét of this phase error varies With‘the applicable amplitude
‘distribution in the aperture. Presently distributions with relatively léfgev
épertufe.laper are of interest. Then for the phaée distrib;tion shown on
Figure_ﬂk6 the rms phase error can be caléulated'by using a weighting
: technique.éqnsidering the fiéld distribution, The high values of 6. in the
'vfciqity éf .Xo'= 0.95 m have relatively little effect. Theirms»value of
6 1is typically about half of the peak values observable arond Xi ='5 m
- and Xy = 32 m.

| Forllarge scan angles the described proﬁedure predicts relatively large
rms phase error. The reduction of this pahse error requires the use of a ﬁeed
array insﬁead of a single radiating element. When aAsingle radiating element
is repléégd by 3 radiatiné elements for the lineér array case; then the
introduced 2 additional degrees of freedom can be utilized to synthetize 2
nullsvin the apértﬁre phase error distribution. When the location of these

nulls are selected to coincide with the phase error maximum at X;- and X,
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thenvthe phase error function contains a total of 5 nulls, provided the
location of X, practically represents a null. The amplitude of the peak

phase error for this condition is reduced approximately by 2 relative to thg
case for the single radiator. : '
For the actual antenna the phase error occurs not only in thg plane of
scan, (pléne of offset in the ébove example) but in two diﬁensioné. Thus the
above level of phase errorAreductton requires compensattng'radiating eleménté
not just on the left and right side of the center element, but all around
- it. This quality of compensation therefore requires a 7-é1ement feed
cluster. 'An additional approximately factor of 2-phase error redubtibn
requires the addition of_}wo more compensating ping'arrays, thus a‘totaiiof 37
‘elements. From the rms phase error the scan loss assoclated to the residual
phase errors can be also computed. The gain loss can be expressed relative to
- tpe unscanned beam. |
For proper normalization 1t is first necessary to calculate the radiatiom
characteristics of the unscanned heam. Assuming that the basic feed_prodﬁces
an aperture distribution of the type given in.equation (4-7), the beam
efficiency can be determined.ffom Figure 4.7, sinqe this is a relative"

calculation, an arbitrary beamwidth reference can be éhosen.

For the preéent purpose, using Figure 4.7

156.8, . S
8987 = —pr— . (4-10)

where eQSZ is the beamwidth within which 98% of the power associated to the
aperture of thg 1deal parabolid is contained. This 98% power limit will be
conside?ed in tﬁe folloving as the ideal realizable maximum beam effictencf,
Ngoe Any other iosses, éaused by spillover around the reflector, reflector

inaccuracy, blockage, scan loss is relative to this upper limit.
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~  Figure 4.7(a) - Beam efficiency versus normalized scan angle for various array
oo ' element numbers and array to column distance. '
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Figure 4.7(b) - Beam efficiency versus normalized scan angle for various array -
element numbers and array to column distance.
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Figure 4.7(c) - Beam efficlency versus normalized scan angle for various array-‘
- - element numbers and array to column distance. '
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Figure 4.7(d) - Beam efficlency versus normalized scan angle for various array
~ element numbers and array to column distance.
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For the above described ideal case B9gy = 0.709°. The 3 dB beamwidth of
the antenna, 04 = 0.339°, thus 06ggy/85 4p = 2.09.

It is practical to represent the antenna characﬁeristics as a fﬁnctton of
-fhe~normé1izedlscan angle, oy = SM/63. Figure 4.8 shows the calculated gaiq
degradatfpn (scan loss) as a function of ay for’ n4= 1, 7, 19, 37, and 61 |
‘element subafrays'for the case when the arrays are éynthetized to give the
:deSCfiBéd null distribuﬁion in the aperture ﬁhase front in the paraboloid..:it
canvbe'sgén_;hat when 1 dB scan loss 1s tolerated the antenna can be scéﬁned
_ ub:torvuh é i3 with n = 61. For such a conditions the swath of the antenna
1s 8 = 2.0y 83 = 8.81°. |
‘The stotal beam efficiency for an idéal paraboloid with no spilibver'

fadiationﬁis’

""" "0 "s . (4-11)

In Figure 4.7 S 1is the distance between.the éxis of the paraﬁgloid énd
the:iine connecting the center of the subarrays”in the pushbroom feed configu-
"ration. The highest pbssiblevefficiency is achievable for S = o, bu; in this
éése fhe blockage 1s very large. S = 1.4 m seeam to result a practically.
acceptable geometrical blockage of 0.86%Z. (See Fig. 4.9.). Suéh a bioékage
cause Ppy = 1.72% 1loss of total power. When this blockage 1s éonsidered,
then the modified form of equation (4-11) becomes )

s T "Bo "B s

(4-12)
il
tf:bne desires to achleve ng = 85Z then for ng, = 98% and

Nge = (100 - PBQ)Z = 98.28%, the tolerable‘ n

s 18 88.25Z. This allows

ay ~ 10 or B = 6.78° swath.
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Figure 4.8 - Scan loss versus normalized scan angle for various feed array-
element numbers.
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Figure 4.9 - Variation of geometrical blockage versus S.
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. Figure 4.10 gi&és anotﬁer repreéentation of the above dafa. It shbﬁs the
number of required elements in a subarray for a given gwath angle B and scaﬂ
efficiency, Ans. S = 0 1is assumed for displaying this effect. 1t can be
éeén from this figure that the number of eleme;ts in a subarray is ve;y
sensitive to the required efficiency fér large ‘B values. For instance 1f.
B = 6° 1is required an improvement of scan efficiency from 807 to 90% requiresA
'fd.increase the eiements in the subarray from 19 to 47.‘ Since the complexi;y
of the feed array is ﬁroportional with n such an improvementvincreaSés the
éntenna complexity fy a factor of 2.47.
| In a'practical éntenna the feéd array complexity ﬁust be miﬁimized;by
selecting the‘minimum‘number of elements for'each subarray for a given range
.of beam efficiency. |

Figure 4.11(a) shows the variation of beam scan effictenéy and the size
lbffapplicablé subarrays for various subranges of the total swéthvfp# Sg=f0.
thé figure’also shows the ngmber of subarrays s éf each type. ;Aéc9pd;ﬁg to
this figure for B = 11.18° swath a total of 31 sﬁbarfays are need§d t6 :f
.achieve AX = 8.98 km spatiai_resolution with h = 787.5 km helght. Tﬁe'
‘_qcén efficiency at the edge of swath decreases to about 71% wﬁile_the avefage
s¢$n'efficiency is.apéroximatéiy 83%. The above Case.is nof pfaéqicéi;"fi
ﬁ'bgcaﬁse S = 0, thus would suffer from high biockage. Fiéufe 4,L1(b).§hows
 the situation when S = 1.4 m. This case does not allow the use of n = 1.
type "sﬁbarrays" thus only n = 7; 19, 37, and 61 1is employed. This increases:
the total number of radiating elements. Furthermore, the average - scan

efficiency is reduced to approximately 81%. However, the worst case

efficiency 1is still nearly 71% and the average blockage is approximately 0.57%.

69



e m e v e et e
Lo
cy

0

2@

Figiife 4,10 -~ Required radiatirig element number n versus total swath angle
: : 28 for ng = 0.8 and 0.9 beam scan efficiency.

70



S PSSR EEEE EEERER R SENRREEE
B R ECEERES EESEEEEE S EEREEETR! ARt
100 N = T E—
......... e b
: S EETETRRt PR :
""""" SSSRSSEE SRUDIDRIEE I

S SN B

P P oeom e e S e e - . “ e .
- e ——— - 7+ & i e oo © o e = w4 e e + - .
R L - e R i e e e e e e T e e e e e e
. ; ; S SO R e
: : t
.
. s

o Lo i
5 10 15 20

.;“N

Figure 4.11(a) -~ Variation of beam scan efficiency and feed cluster size to
cover B = 11.18° with N = 33 beam for S =0 a.
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The variation of blockage as a function of S 1is inidcated in
'figure 4.9, This figure assumes that the rest of the geometry is as shown in
Figure 4.4 and the antenna is designed for B = 11.18° swath (N = 33). Then
:hé worst blockage occurs when a subarray is closest to the column, gﬁe leéét
.blockage 1s.app1icable for the maximally scanned beam. The calculation
assumes 257 transparency for the column. This is an average transparency.
The transparency is a function of the structural design of the teleécoping
column and can not be accurately qalculated until a particular design 1is com-
pleted. However, the transparency is generally improVing with increasing’ S
and scan position. For a given S the actual geometrical blockage is closer‘:

to the worst case for the small scan angles and lcoser to the best case for

large scan angles. In order‘tolmake the blockage less dependent>on the trans-
parency it'is prﬁdentlto select relatively large S.

.. Up to now the beam efficiency characteristicsAof the antenna‘havg_béep
anélyzed as a function of the number of radiating elements (feed poin:s)‘ n;
-agsoclated to é subarray. n determines the freedom for the synthesis, (the
number of points where the aperture phase front coincides with the_pahse_front
offthe piané wave). Additionally, the location oféthe radiating-elemegtg {n.v
thé_féed arréy must be selected. . o

In the following it assumed that all subafray elements';re identical and
they form a hexagonal grid. Furthermore, the envelope diameter of»ﬁhe_un—'
scanned subarray is large enough that the subarréy 1s'capab1e to produce the-
required distribution in the aperture of the paraboloid characterized by
-Ax¥—14 dB and P = 2.

Figure 4.12 shows the results of the calculation for radiating element

diameter d:, and subarray diameter di, as a function of n. The selection
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results in a feali;able im?lemengation, which avoids supergaining (di tpo
small) and grating lobes (di too large). However, it does not represent a
geometry, which maximizes the beam efficiency. The executipn of a . full dpti—'
mization is qui;e time consuming and results 1in a slightly la£ger dik for
larger ‘n.’ However, it is concluded that the value of such optimization is
academical, because it requires a larger overall array, than can bez
1mp1emeﬁted within available space.

As was shown before the n wvalues of interest are between 7 aﬁd 61. For
sﬁéh-cases the subarray diameter varies between 6.32 A and 11.45'A.ﬁvThus
‘the partial compensation of scan effects requires a 1.81 timgs inérgase of
subarray diameter within the range of scan. |

.On the basis of the’previous calculations Table 4.1 summafizeé'the main
characteristics of the feed array for S =0 and S = 1.4 m; The fable:shows
thé number of ngarrgys, s; feed points per subarray, n; total feed point
Pégzpype of_subarray, q; di, di, the number of patches, P, necessary'to
realize a given di diameter radiating element and the total number of
patches, t, used for each type of_subarray.

It may be néted, that the sélection of the number of patches to.realize é
':lgiyen radiating.element diameter must satisfy ﬁhe-geometrical reqﬁirémenf-of
_patch fesonance and avoidance of grating lobes. Figure_4.13 éhbwé the . layout
to realize the di diameters used in Table 4.1.

The complexity of the overall feed array is characterized by. the number
of feed points, Sy the total number of patches and by the surface area on
which they array is built. The minimum array complexity is achieyed_&hen
S =0, which results 87.56 m2 active array surface and t = 4153‘patches.

Due to blockage this is not acceptable for small scan angle subarrays.
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Figure 4.13 - Realizable feed layout for single aperture design.

76



However, the S = 1.4 m feed array position results in only a small increase

2 active array surface and t = 4408 patches.

of complexity yielding 92.77‘m
The feed array layout shown on Figure 4.16 refers to this case. It can be
seen from this figure, that due to the support'requirement of the aééiye array
surface the actual array surface is 128.35 m2. This is 6.29%Z of the overall
aperture of the ﬁoop column structure and 7.41% of the antenna apefture; It
is clear, that such a large array apertue area cannot be accomodated in a
gymmetfically feed paraboloid. However, with the offset feed reflgctpr, the
array blockage is eliminaped and only the column related 0.5% (average)
biockage remains. .

It must be emphasizgd, that all the above data are derived én?the'bésis’
of a refatively simple mathemagical model. |

In order to assess the acéuracy of the uttlized-ﬁodelAsome aaditional-
éxact calculations have been performed for a limited number of examples..

Figures 4.14 and 4.15 show the gain contours for a singletv(n = i) using
di = 2.42 at oy =0 and 7.2, respectively.

TE;1 mode excitation 1s assumed in the aperture. The calculated scan
loss is 6G = 3.5 dB fof ;his case, while the simple model predicts
§G = 3.4 dB. (See Fig. 4.8.) .Thé géin contours of'4.14 iﬁdi;ate tﬁat the
‘extent of significant pattern distortion due to scan extendé td én éngular
radius of ~293 from the main beam maximum. Thus the éompensati&n,of such.a'
scan caused distortion would require at least two rings of elements.;found-the
 center eclement. This results in a 19-element array for which Figure 4.8 |
predicts a relatively negligible 0.5 dB of scan loss.

Figure 4.16 shows other data points corresponding to n =1, d
and oy = 6.6. The exact scan loss is &G = 2.42 dB for this case,

practically identical to the approximate value. (See Fig. 4.8.).
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Figure 4.14 - Gain contour of singlet feed di = 2,42, ay
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Figure 4.15 - Gain contour of singlet feed, d} = 2.42, ay = 7.2.
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Figure 4.16 - Gain contour of singlet feed, d

e
A

= 2.07, ay = 6.6.
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The character of the gain contour is very similar to the one shown in
Figure 4.15. However, the two figures together prove that the scan loss for a

singlet for large ay is very sensitive to ay

N Significantly, the two- exact

data point defines very closely the same scan loss slope as the approximate
"model. The calculations also indicate that the diameter of the radlating

element has relatively minor effect.

Figure 4.17 gives an example for a 7-element cluster utilizing an average

e

of 3% power on the outer ring of radiators. In this case n = 7, dy

dA = 7.4, and ay = 5.04. The scan loss is 6G = 0.66 dB ~versus

6G = 0.60 dB obtained using the approximate calculétions.

1

Figure 4.18 preéents the results for a uniformly excited 7—é1ément.array

" using ‘di = 1.31, df = 3,93, and ay = 3. The exact scan loss is;u'

6G = 0,40 dB verus 0.3 dB using the approximate model.
Finally, Figure 4.19 prsents the exact results for n =15, emplbyiqg
4§ = 1.31, di = 5.82, and ay = 3. The predicted scan loss is 6G = 0.15 dB;

the same value as calculated from the approximate model using o= 19f-4_;
(See Fig. 4.8.)

It can be conciuaed from the above calculations that the accuracy of thé"
approximdﬁé ﬁodel:is well within thg acéuracy limits neceséary forAtfadeoff
calculations. |

In summary, thé single abertute concept reSuitsA AXy 5'9.5.kh‘ spatial.-
resolution, when Dg = 50.95 @ structural diamefer is ﬁtilize&.and.4
~h = 787.5 km. ' The gntenné is éapable to form N = 33'beéms with an avgfage
beam efficiency of 81% proyidedlthe paraboloid-surface is exact. 33 bheams
cover a swath of 11.18°, which for a polar orbit would result in 59% coverage.
Thus in an operagional configuration, 2 spacecrafts would be needed to provide '

practically complete coverage.
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Figure 4.19 - Gain contour of 15 element feed,
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It is interesting to note that Xy = 9.5 km . resolution with the above
type of antenna is achievable if D =15 m, h = 375.4 km, and f = 2288 MHz.
Such a combination can be implemented as a scale model Shuttle experiment to

%

verify the orbital characteristics of a single aperture design.

4.3 Double Aper£ute COAcept
There are a numer of cdnfigurattons by which the beam number‘iimitation

of the single aperture concept can be reduced. Figure 4.23 shows geometries
utilizing two subapertures. In these configurations the structural diametér
of the antenna is adjusted in such a manner, that the spatial resolution of"
;he systemlis maintained at approximately 10 km. This requires an
approximately two fold increase of the structural-diameter relative to the
single aperture concept discussed in Section 4.2 aﬁd shown 1in Figure 4.4.

| Figure 4.20 exhibits the aperture layout of the antenna utilizing sqb—
épértures A and B. These are displaced relative to each other in the
difection of flight. The apertures are realized by identicai offsét feéd"
paraboloid segments, with axes parallel to the axis of the column gnd with
focal points at F, and Fp, respectively. The subarrays of the feeds are
displéced in the perpendicular to flight direction. For such a situation the
beams of'subapertures A and -B are capable to cover the same cell.:.The
coﬁfiguratién'has no more scan capability than the-stngle apepture:cohceﬁt
depicted in Figure 4.4. quever, it eliminates the diréct blockage-by_the‘
column. Fufthermore, the suﬁafrays can be placed closer to ﬁge poluﬁp, thﬁsA
they requife less supporting and deployment structure. The two subapertures
can be utilized to reduce feed crowding, or introdﬁcé dual polarization, dual

frequency band or two antenna receive/transmit capability.
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' Figﬁre 4.20 - Double aperture antenna concept employing symmetrical
e configuration. '
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In the arrangément shown in Figure 4.21, the plane of offset 1is rotated
by an angle Y relative-to the plane of flight. This allows to scan the
beams from subapertures .A and B to the right and left from the flight
plane, respectivély. Cobsequently, for a given subarray size and quality of
beam the configuration n?arly doubles the achievalbe swath. In prac;ice'a.
full dpubling of the swa%h may not be possible, bécause there ié_not enough
space to package fhe fee? within the constrains ofithe spacecraft. Neverthe-
less the arrangement can:accdmodate increased numﬁér of beams reiativevto the
:single aperture configur%tion.

The.difficulty of tiis setup ié the implemenéation of the necessary
paraboloid reflector segﬁents. In order to maximé}ly utilize the -available
gtructure it is desirable to 1illuminate the entire half of.the reflector in
'Figure 4.21 for the "forward” beams and the lower half for the‘"backward"
'begms. Howéver 1n this case due to the large distance between focal poiqts
Fy, and Fp a relatively large step develops at the border between'théntQO
reflector segments. This causes a mechanical 1mp1ementatl§n difficulty and
. undersirable diffraction. The diffraction effect can be reduced by more
1ilumination taper, but this decreases the aperture efficiency ahd idéreases‘
the beaﬁwidtb.

. Flgure 4.22 shows a compromise. This eliminates the stepAbetween the
reflector segments yet it retains some of the advantage of the Figure 4.23(b)
setup. The layout is similar to the one shown in Figure 4.23(;), but the
entire space craft is rotated by T angle relative to the flight direction
and the axes of. the reflecto; segments are tilted in the plane of offset away
from the axis of the column. 1In this situation the beamsAfrom subape;turé

A are titled forward relative to the flight direction in the left hemisphere.

The net result is a set of footprints on each side of the flight path.
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Center of footprints>+-O O/ O O | O A

| Plane of offset

Flight
: '“'Direction

Center of footprints > O O O 0O 0O B

Figure 4.21 - Double aperture antenna concept employing rotated offset planes.
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ORIGIAL PRcE 15
 OF POOR QUALITY

Center of footDrihts,

Rlight
Direction

Center of: footb_rints

Figure 4.22 - ‘Double aperture concept employing rotated aperture relative to
flight direction. :
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: ~ Figure 4.23 - Footprint géometry of the Figdre 4,22 double aperture antenna.
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The structure has two symmetry planes, simplifying the electrical and mechani-~
cal design. There is a sharpe edge, but no step at the intersection of the
reflector segments. The total swath is typicélly two times larter fhan for
the eq&ivalent single aperture. " f .

In the_following the configuration depicted in Figure 4.22 wiil be
further analyzed.

Figure 4.23 exhibits the geometry of the footprint aséuming h»=.787.5 km
and a subapefturé diameter of D = 47 m (these are similar values to the'ones
used in the example for the single aperture implementation). The offset of
-the paraboloid reflectors is in the PQR plane which is rotated by . T = 17.25°

relative to the vertiéal‘plane containing the flight vector v. When the axis

[

of the two paraboloids in the PQR plane are tilted by 1w 24.61° then the

9.87 km. This

footprint of a beam at Q has a minimum dimension of Xm

.pqrtesponds to the 6982 = 0.653° beamwidth of tﬁe ideal, unscanned beam.
" The maximum dimension of the footprint is Xy = 10.86 km.
The centers of the footprint are on a circle with 360.7 km in radius .
measured:from nadir. The footprints from subaperture A are on ghe_SQT'afc
' on thé left side of the.grOund track while the footprints from subéperture B
are op'éhe VRW are on the right side of the track. Assuming #ll scan position
(N = 44 beaﬁs) tﬁe total swath is S = 408.6 km. |
Figure 4.24 shows the geometry of optics necessary to implement tﬁis beam
cbnfiguration. The upper part of the figure disﬁlays the.préfile of the oéf—
-set feed paraboloid reflector in the plane of offset for one of the subapéf¥
ture implementation. 'The second subaperture is syﬁmetrical relative to tﬁis.
The paraboloid axis is tilted by w = 24.61° relative to the axis of the
column; Its focal point is 1.4 m away from the axis of thé column in order to'

assure the necessary clearence between the feed array and column. .
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Xy= 2.4
YM=2‘.1
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F/D =1.341
1 D= .552
58U 4 - 4p
Dimensions in meter ; B =1i.73m

g

Figure 4.24 - Geometry of optics of the Figure 4.22 double aperture antenna.
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F = 63.664.m is_éelected, for which the required D = 47.01 m subapertdre(
diameter fields F/D = 1.341, These selections result in a structural
diameter of D, = 100.42 m; The two subapertures utilize 43.83% of the
achievable structural a;erture area assuming Ghat the projected Subaperfure
shape in the direction of the electrical axis is a circle. A little-better
utilization is poséible if the subaperture shapes are elliptical.

The nominal fee& array width is A =4 m (in the plane of offset) and
its length is B = 11.73 m.. Further details are exhibited in Figure 4.25.
The center of the feed array does not coincide with the focal pdint‘in order
to minimize the clearence requirement for the feea and the necessary offset_.Q
“for the paraboloid. |

The system has a comfortable large F/D. This is advantageous to main-
faih.good_quality for the scanned beams. However, it has a large
’_9[0j= 0.552, which reduces the achievable beam efficiency. Thé large . Q:
vélué is the consequence of the la;ge w value; which is necessary to
éccomodate the selected number of beams, N = 44. 1In tﬁé vicinity of
N = 44 A/D 1is approximately proportional to N. Thus a reduction of N to
.40 redqces Q/D to ~0.5. For sugh condition an overall.imﬁrovement of ‘the’
qualttf of all beams 13 -possible at,feh expense df‘about.loz swath“reducti;n,:’

. The optics shown in Figure 4.24 is scénhed perpeddicuiar to.tﬁe plane of -
the drawing. Since the béaﬁ centers must be 698% away from éacﬁ othervana
.the,subarray'size ﬁust be increased as the beam is scanned a staggering of fhe o

subarray layout is necessary in the direction of flight. (See.Fig. 4.25.)
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Figu:'e 4.25 - Feed array layout of the Figure 4.22 double aperture antenna.
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Tabie,A.Z contains some of the subarray characteristics. According to
theis table, four different types of subarrays are necessary, containing 1, 7,
19, or 37 radiating elements. Tﬁe rédiating element designs are similar to
the ones shown in Table 4.1, except for the 3f element subarray. Fo} this a

slight reduction of diameter is nécessary to fit the subarray within the

2 active array area

available overall array diameter. N = 44 requires 84.77 m
within the noﬁinal 93.84 m? overall feed aperture surface. 4600 patches are
needed to implement the system.

It 1s interesting to compare these figures with the corresponding values
for the N_= 33 beam, single aperture system. It can be seen that thé'array
-éurface 1s considerable less for the|two aperture cases (93.84 mz'Qérsus
1i8.35 m2) while the nuﬁber of’patches increases from 4408 to 46OQ;V The.main‘
difference of course is a drastic increase of structural diameter.fé 100.4 m
from 50.95 m. The 1.97 times increéses structufaldiameter yieids-1}33;gimeé
‘more swath, reduced column scatier and generally better beam efficienéy,

.The beam efficiency variation as a function of scan position is shown in
Figure 4.26. The average beam efficiency is EB 87.6%Z 1instead qf'the 81%
calculated for the single aperture system. The resultant swath results}in:
apprbximately 85.5% coverage.

| It'ié interesting to compare‘the structural chafactefiStics'of a:singlé
apeffﬁre system, using two spacecrafts with a dual aperture system using one.

spacecraft for approximatély equal performance. This is shown in Table 4.3.°
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Figure 4.26 — Varlation of beam efficiency with scan position of the -

Figure 4.22 double aperture antenna.
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TABLE 4.3

Comparison between the one and two subaperture systems

~Total Total . Average ) : .
structural feed ’ beam No. X Weight
apergure surSace No. of efficiency of Coverage “M -Ref. Feed
System m m patches % beams Z - km kg Total
Single
aperture ,4077.6 256.7 8816 81.0 66 83.2 9.5 542 1027 1569
2 space- :
craft
Dual
aperture 7916.9  93.84 4600 87.7 44 85.5 10.9 1053 375 1428
sapce- :
craft

In Table 4.3 the coﬁeragé for the two spacecraft system is calculated on

' the basis of a simple product probability model.. It is believed thét wi;h

'.proper orbit optimization near 100% coverage is achievable for the two'épaqe-
craft system, thus this éystem has at least the same coverage as the.dﬁal
aperture system. It is clear from Table 4.3 that the main difference between
the two systems is in the total weight and complexity related to the feflector

' sﬁrfaces and feed arrays. Assuming 0.133 kg/m2 an& 4 kg/m2 for the Qeight:of
the tefiéctor and feed, respectively, the tétal weight to'bé placed in orbit
for the reflector and feed components 1s 1569 kg and 1428 kg, respéctively.
While these téfal weigﬁts are comparable it is obvious that the launch weight
of the single aperture system is about a factor of 2 less. Additionaly, tﬁe
;single aperture system has better reliability (due to spaéecraft redundapcy).
The differences in beam efftcieﬁcy, coverage and resolution are sﬁall compared
to the inaccuracy of calculatioﬁ, thus they may be éonsidered as approximately
equal. vOn the basis of the above considerations both the single and dual

sperture implementations can be potential solution for the desired system.
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4.4 'Triple‘Aper;ure Concept

4.4.1 Geometry

Thée' ﬁ#in difficulty of the dual aperture'cohcept 1s the relatively largé
ﬁaraboldid offéet requirement (Q/F = 0.555. The offset can be fedﬁced (by
appréximafely a factor of two) if the structural éberture is divided into
" three Subapertu;es. For this situation the.numbér of beams can be f#rther
'increéseanbr/and their quality imprdved a; the expense of some further
1ﬁ6réaselbf the strqcturai-diameter. .
'”‘Figufe 4,27 sﬁows the front view of the aperture, while Figure 4.28 o -
Vdisp1a§§ thé'geometry'of the No. i'refléctor.segment in the plane per—
.pendiéulér to scan. - Figure 4.29 gives the geometry of the No. 2 fgfiéct&f
ISegment'in the ﬁlane of scan.
" .In this configuratiqn three reflector'segments are -1mplemented within the
overallistfuéturél eﬁvelope. ‘Each of these reflectors are'offsét feed
paraboléids.

- The offset plane of the No. 1 reflector segment is in the pléné of

flight, which is also a symmetry plane of the.overall antenna. The’axis of

this paraboloid in the selected example is parallel to the axis of the column

i
1

an& hés%a focal distance of F; = 65.989 m. Its fécal pbint is 2.5]m away
-ﬁrom theﬁaxis.of the column and its offset is characterized by a

A[Dll = 0.152. Assuming a structural diameter of - Ds = 118 m the &bove

- selection provides a subaéerture diameter of Dil = 49.057 m 1in the direction

of flight and F/Dj; = 1.345. It can be seen that the subaperture diameter

-and F/Dli ratiovof this geometry is practically the same as for'fﬁe analyzed

 two éubaﬁertures system, but the Q/D;; ratio is greatly reduced.’

B |
i
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Figure 4.27 - Geometry of optics of the triplet aperture antenna, front view.
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. Figure 4.28 - Geometry of optics of the triplet aperture antenna for
No. | reflector in plane of scan.
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fﬁeiNo;'l reflector provides the beams for the center part of the
Eémpoéiﬁé éwath.' In order to achieve this the beams are scanﬁed perpendiéuiér
té ﬁhé piane of offset. This is accomplished by a feed array, with a nominal
fectangufér envelopé of A =15.53 m length and B - 2.69 m width, when'A
'pfojéétéd.tb the étructufal aperture plane. Within this array envelope a
_ total of 19 beam positi&ns are accomodated covering a total of t6.75° 8wafh;:

© Thé minimum diameter of the utilized aperture is bli' Hoﬁeveﬁ, alloﬁing
some increased spillowver radiation around the hoop, the effective utiiized'
épertﬁfe'éan*be slightly increased. The optimum equivalent subépepture
‘"diamééefithan'is Digy = 55.4 m.

_THé N&.'l and No. 1 subapertufe geometries are.symmetrical to the flight
”ﬁalﬁe;:thdé;it is enough fo discuss thé No. 2 system only; The offset plané ”
. of'fhe_bdfrespondihg‘parabolid encloses 120° angle with the flight plané.A
The axis'bf:this‘paraboloid is tilted by 13.807° away from the axis of the
'édlﬁmn, (See Fig. 4.29.) The unscanned beam of this reflector is ;t 13.81°
from tﬁg ghScanned beam of reflector No. 1. | |

. Tﬁe beams of reflecfdr No. 2 cover the right si&e of’the..sw;ath.t This can’
beﬁé¢cqﬁplished if the reflector is scanned in the plane of foseé.v That .
reqdites a clearence of the large dimension of the feed array, thus ; larger
offset. The combination of larger offset and the tilt of paraboloid aﬁis
_féduces. FZ/DZ' For‘the selected geometry Dy =_52.75‘m, Fog.= 58.20 m,

.Q2 = 11,7‘m resulting Fy/Dy = 1.10 and QZ/DZ =‘0.223. ‘As 1in the case of
_reflector No. 1 it is feasible to increase the effective aperture diameter ; .
to Dzav<=‘54.72vm, by allowing some incrgased spiilbver radiation.

While it is possible to place the large dimenéion of the feed array into
the plaﬁetof'offset ﬁhe footprint geometry can be improvéd 1f the feed arré&

is tilted by 15° relative to this plane. 1In such a configuration the plane of
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scan'is only 15° away from the perpendiculér to flight direction,}thus the
covered swath Increases and a slight improvement in spatial resolution is
feasible. Furthermore, such rotation results in more compact feed array
packaging. filgure 4.27 shows this configuration. According to thé detailed
analysis, a feed}étray with A = 13.67 m and B = 3.03 m Aenvelope_dimenéion':
can accomodate a total of 17 beams with acceptable quality.i These beams cévef
the 6.75° to 19.5° part of the overall swath.

2 structural aperture

The entire 3 subaperture system reqﬁires 10935 m
area. Out of these the No. 1 subaperture utilizes 2410.5 m2, the‘No. 2 and
No. 3 subapertures 2x2351.7 m = 4703.4 m?, thus the total utilized aperture is
7113.9 n? (65.06%). The system {s capable to produce 18 + 2 x 17 = 54
beams within a total swath of 28 = 39°.
| It may be noted, that the design shown in Figures.4.27 through 4;29;caﬁ
'bg-somewhat simplified by making the geometry of thé three reflector s¢gﬁents
idén;ical. Then the main refléctor system ahs. three symmetry planes, 120°
abart from each other. 1In this configuration‘the axls of the No._l'refleétor
is 13.807° forward tilted and its F/D ratio is reduced from 1.345 to 1.1.
The consequence of these changes is a reduction of beam quality and an ‘ N
additiqngl deterioration-of resolution. In this schémé the feed_désign'is..
gtill different for the No. | and No. 2 reflectors. It is believed that the
advantage in simplifying the mailnreflector design is not justifying the

deterioration of electrical performance, thus the single symmetry plane

appraoch was selected for the baseline design.
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“4.4.2 ,ﬁaiﬁ Characteristics

g Fof the optics geometry given in Figures 4.27 through 4.29 the main

chafactéristics of the antenna have been calculated for N = 54,

l - The results are in Table 4.3. The following is the definition 'symbols in

'thiﬂ table.

m ;ﬁ beam<number

Aesi= seperation be;ween beam centers in plane of scan :
8, = scan angle | - f
X; = distance between focal point and phase center of subarray in :

plane- of scan

Xy = X/X

Zn = nﬁ;ber of elemeﬁts in subarray

A = edge taper in subafray

P = from factor of subarray taper for A+ (I-A (l—rz)P‘type apefture'
distribution :

a = dieﬁeter of subarray

Ng =-spillover efficiency

Aant = taper at edge of paraboloid

'63 10,615 = 3 dB, 10 dB and 15 dB angle of main beam without considering
: scan caused nonlinear phase errors

Ngo- = beam efficiency for indicated beam crossover levels without phase
. errors
N3 = beam efficiency with scan caused phase errors for ideal surface accuracy

ngy = beam efficlency due to practical surface (A = 3.8 am, rms = 0.018A,rms)

NgR resultant beam efficiency with scan errors, surface errors but

neglecting cable scatter
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Table 4.3 - Main Characteristics of Triplet Subaperture Radiometer

a=3.85 m = .154 inch, mms

= .212314 m
260,9%

69.823 mx
Dy

20°

Cy

Feed No.1

75°.t0 K =65.989 m f= 1413 Mz
¢ ac

Scan:
flight »p

23.28°
257.75

Feed No.2

58.201 m
= 64.463 m D

E =
.pc:

Beam Si:g—ray dxaracterist'i:cs . wnfmt phase errors % 7 % 7 m
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Fbr:the calculatién in Table 4.3 the number of elements in the,subarfay
have,beeh increased with scan angle in a nearly monotonous/manner. For émali
scén';ﬁgles the envelope diameter of the subarrays 1is. somewhat larger ;han 1h-
the éxémple shqwn in Table 4.1. Such an increaSe-isaﬁeésbee without signifi*
caﬁt iﬁéréagé in complexity; (the supporting.s;rféce for these elements must
be prdvided:ényway for structural reasons). The choice results in some
imprdvément inkﬁeam efficiéﬁcy'for small scén_angles rélative_fo fhe éase in
kTable"@?l."Fdr_large scan anbles the subarray diameter is.reduéed. Thié
}cbmpréhize is introduced because otherwise it is not feasible to»inéreasefthe
beamlnumbets from 44 to 54 due to feed packagipgwlimitations, In the.case of
‘réfléctof No. 1 the reduced subarray size for large scan angles does éausé‘a
éodéfacé'deterioration of beam efficiency, while the average beam efficiency
is aboﬁt the same as for the ¢ase shown in Table 4.1. For reflector No. 2ltﬁé
déferioﬁéfign is larger, because the optics has a lower F/D and.the.béams ;
are séaﬁnédito a general position relative to the plane of offsetuf The
qVéragestam efficiency of the system is aboup.thé same as for the case in
Table 4.1‘beéause the maximum scan position 1s only 9 instead of 12. When the
éurfaqe accuraéy of thg’reflector 13 considered (b4 = 3.82Amm, rms)gthén the
:résultaqt beam efficiency of the system is 85.4%. It can be concigded that
. the 3 subaperture systém is capable to produce similar beaﬁ efficiency-énd
spatial.resolution to that of the 2 aperture systeﬁ, but with a 54/44 = 1.33
times ?ncreased swath. These results, however, require a struétural diameter
increased by 118/100.4 = 1.175.

'if,pan be‘seen from Table 4.3 that with increasing scan angle'the_beaﬁ¥v
width of the écanngd beam increases. This is an inherent charéctenistics
v associated to the increasing.aperture phase error and iﬁcreased aperture

. taper; 'In.reflector No. 1 the 15 dB beamwidth'(approximately equal; to the
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beamwidth within which 98% of all the radiated power is contained) varies
between 0.164° and 0.725°. The angular separation beﬁween beam centers 1is.:
adjusted to these angle; and varies between 0.60° and b;74° in order that the
" maximum practi al swath is realizgd. The combined swath of‘the 3 subaperture
system 1s 28 = 37.20° using the subarray locations given in Table 4.3.
According to Figure 3.11 the 54 beam system gives c = 88.8% .average'coverage
for H = 787.5 km orbit height.

| The worst resolution occurs for the maximally scanned beam of reflector
No. 2. 1In the plane of parabolold offset the footprintgdimension is 16.87 km,
while in_thé perpendicular direction it is 10.32 km. The best resolution is
for the minimally scanned beam of reflector No. 1. This footprint has approx-
‘imately 8.44 km diamefer; 1t_méy be mentioned that due to the syntﬁesis:pro—
cedure selected for the sﬁbarra} excitation optimization, the deterioration'of
beém,efficiency with scan angle hés only a second order éffect on the acbier
able spatial resolution. The main beam widening effect COmes.ffom-the
inpreased aperture ‘taper.
| The above technique assures, that the deterioration of spatial resolution .
-with scan angle is only 10.87/8.44 = 1.29. At the same time, the deteriora-
tion in noise temperature resolution is considerably more. For'theAmipimaliy A
scanhéd.beam of reflector No. 1 7.5% of all power ié outsidé the_&éfidéd, :".
footprint. For the maximally scanned beam of reflector No. 2 24.Lz'of'thé‘.
powér is outside the beam. The deferioration invlost'perr‘is_éiVen.by,thg
24.1/7.5 = 3.21 ratio. Not mﬁchlcan be done against the deterioration of - beam
effictency in the 3 subaperture system for the selected Nf A'larger F/D or.
better formed beams would require larger feed array, which cannot be acéomo-
dated in the given STS envelope. Thus an improvement in temperature resolu-

tion can be achieved only by a reduction of the number of beams.
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It‘must be noted, that the above beam efficiency calculation assuﬁgs no
spillove: loss around the reflectors. Actgally the calculated épilloverl
effigie?Fy_varies between 98.5% and 99.5%. This efficlency gomponén; furthgr
redchs)the galn but practically it does not influence ;he noise temperaturef
resolutipn of the_antenna since this radiatioﬁ compénenﬁ generally does not

hit the surface of the Earth. Thus the effect of spillover efficiency'is

neglected in the above beam efficiency calculations,

4.4;3'.Fegd Design
""The major implementation problem‘of the soil moisture:measuriﬁg radiom
.éter~sy8tem‘is-c6ncerned with the design of the feed array._‘Whiig thé Struc—.
tural complexity re1ated to the antenna optics 1s characterized by‘the
aiameter ofithe hoop and accuracy of the reflecting surfaces once thisvproblem
'is solved, the optics may be usable for a numbe;lof missions. The feed'array'
oﬁ the other hand’is'specific-for a gilven application and its design musf be
.developgd individually for each mission. |
The dimeﬁsidns of the feed array are an order of magnitude less than that
éf thélrefléctor. However, its weight per area:rétio is typically iwo order
' 6£ magnitude larger thus thé reflector and feed array weight is com;arablg.
Since fo; space application weight 1s usually proportional to complexity and
cost, 1t can be susﬁected that the design, fabrication, and test cémplexity of
the feediis comparable to that of the reflector.
- The -feed for the present application includes the radia;ing elements, the
beam forming netwprk, the radiometer receiver and the support—deployment

vmechaniém. The_design of each of these subsystems 1s relatively complicated

‘and ate,strongly dependent on each other. -
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- In the following a brief outline of thesé design problems will'be giveﬁ.
No.attempt will be made to derive a fully opttmtzedAdesign. However, if ié'
-bélieved that the presented éxamples are representati;e to actually’aéhievgble -
designs. |

The first step of the feed design is the development of the:overall féed
array la&out. This layout is characterized by the subarray phase centers
associate& to the individual beams. 1In Table 4.3 the location of the phase
center in the direction of the long dimensions of the overall array is given
by X; where X is the distancevfrom the center of the bverallAartay. Since
the subarray dimension in the diréction of X 1is generally larger than the
separation between phase ?gnters, the*Subarréys must'be:displa;ed in the-
perpendicular-to X direction in order to avoid subérray overlap.”'(Ovérlab,
in principle can be utilized andlmay be actually implemented in an actual
.design to some limited situations for the purbose_of.reducing the'overailw
envelope.of the feed array. However, sgch technique 1s greatly increaéing
complexity and loss and will not be cdnsidered in the following.) For the 
given X values and subarray nominal diameter, d the locétion of the sub-
Vgrray phaég centers can bé caléulated. Figures 4.30 and 4.31 show these.
locations for fééd No. 1 énd No. 2, respectively, on the basis of theAdaﬁa
displayed in Table 4.3. It caﬁ be_seen‘that theipﬁase'cehtefs of ;djaéeﬁt‘(
‘bgams are separated by + displacements in the Y direction and'fhe diéplacé—
- ments increase with increasing scan'angles. That causes increased width: for
the array with increasing distance from the focal point, a structurally un-
dersirable feature. 1In order to assure structural stability ghe centerhpaft'
bf the arréy must be properly streamlined, causing a less than ideél_utiliza-

tion of the available surface. to support radiating elements.
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'Fiéurés 4.30 and 4.31 indicate that the layout for the feed-afrayé is
'gimfiér;"ﬂowever, ﬁhe_layout for feed No. 1 is symmetrical, while the layout
at feed’No..Z (in fine detall) is not. There are 9 different subarrays in
feed No. 1 while all 17 subarrays are different in feed No. 2. This requires
ideally °26 different subarray designs.

;Inqactual practice some standardization might be possible; Selecting an
identicwl;icompromized symmetrical layout for both feeds chaﬁges the beam
centér.LOCations ohly slightly. 'Furthermore; a compromize'excitation for
.fcbrréséondingieiemenﬁs migﬁtrbe acceptable at the expense of‘some reductipn'of
'begm:eff1¢1ency. In this case a minimum of‘9’§ubarr5y désigns are adequate.
Finall&,sby.réplaqing'two adjacént subarray designs by the more complex ofbthe
.péir, a total of 5 subarray designs might suffice. |

The next step.is the determination of the subarray_layouts. éenerally‘
the quality of beam formation for a subarray improves iwth increas%ng number
of radiating elements, n and with increasing subarray envelope digﬁetér;' d.
| : .Thezdetermination of n,d and the complex aﬁplitude excitaion of the
'-elemeﬁts requires a series of pattern synthesis for each subarray ;1thin.an
n,d 'matfix. The first approximation of the optimum n and 'd values can bé
'-determingd by the following steps:

D Calculate the secondary pattern gain contours by placing a single
fadiating glemenc at the' location of the desired subarray phase center.
_ 2)'sclect the gain éontour which corresponds to the acceptable secohdary
paftefn sidelobe level.

3) P}acé additional radiating elements around thg original element in

SuCh~a way that the corrésponding component beam centers form a sufﬁicient

- grid within the selected gain contour.

112



4) Determine the element excitations using the minimax procedure which
reduces maximum gain and given sidelobe level in the vicinity of main beam.

5) Célculate beam efficiency.

" 6) Stop 1f beam efficienc} is acceptable,’and

7) Increase n and d and. repeat the procedure unitl beam efftciency is
above desired value.

The above procedure 1is not fermtnated, because with iﬁcreasing n and
d any less than unity beam efficlency can be achieved. Thus, it is necesgafyv
to consider two additional constrains. The first constrain is that the loss.
_iﬂ the BFN increases with n. This yilelds a specific n for which the beam

'

efficieﬁcy of the lossy antenna is maximum. The sgcond‘conétrain‘isvthe’“
‘practically acceptable subarray‘size. This.presents an upper iimit for
acceptable n. " The above constrains cause a reduction of achievable beag
eff;ciéncy with increasing scan angle.

The results of the above calculation§ and soﬁe additional practical
.goﬁsiderations are shown in Figure 4.32. It 1s assumed for this figure that
the radiating elements are’placed into a hexagoqal grid. for each(subarfay
ﬁhéigrid size is glven by the desired overall subarray envelope dimehsioﬁs, by-'
the realizable descreﬁe number of radiating elements and by the-minimum:-
element distances due to resonance, mutual couling and grafing lobe céngidera—
tions. The actual envelope shape of the subarray layout is determiﬁéd by'éhe
gain contour shape in the secondary pattefn and by the criteria to avoid feed
oyerlap. It can be seen from Figure 4.32 that the feed points of the‘smallesf
such array (n = 18) are within a 1.2 n X 1.80 m envelope, while the feed
boints of the largest subarray (n =A4l) are within 1.7 m x 1.62 m.

Figures 4.33 and 4.34 show the layout of the integrated array utilizing

the geometry of the subarrays given in Figures 4.30 - 4.32. It can be scen
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that the array supporting surface is well utiliZed, however, so@e'further
increase of subarray sizes is feasible if a more refined design shows suffi-
cient bénefit. Unfortunately, for the last 4 beém positions any éubstaﬁtial
subarray size increase would c;use subarray overlap. It must be note&, tha¥
if such an overlap involves low level excitation'elements'then the effect of
increased internal noise temperature may be tolerable for better sidelobe
control. However, generally‘such an overlap must involve frequency or time’
division techniques. (For 1ﬁs;ance if a radiating element must be shared
between beam 8 and 9, such s?aring may be achieved by switching the element
béck and forth between tHeAt&b subarrays. In thig sitﬁation the éohtfibutioni
of this element on an integrated baéis will be 3 dB less than a full time
available element. This can be compensated by increasing tﬁe amplitude  "
rexcitation of tﬁe element by 3 dB. Similar effect can be achleved if the
element is not switched but its power {s divided equally between the tqu
éubarray.)

.The next step of the subarray design is the selection of the,radiattng.
element. The most convenient radiating element for linear polarization is the’
ptintediresonatihg patch. There 1s great freedom in the selectioh,of_patch :
geometry from rectangulaf to ellié;ical contours of which the square and
circular shapes are special cases. Table 4.4 shows the COndiﬁions of first

resonance for rectangular patch geometry.

TABLE 4.4

Conditions of first resonance with rectangular patch

ay bA a/b
0.2567 0.3054 0.8404
.3315 .3034 1.0920
4813 .3016 1.5959
.7613 .2994 2.5547
1.0050 .2988 3.3629
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"It can be seen from Table 4.4 that for a/b ~ 1 (square patch) the
element!resonates 1f b ~ 0.304 A = 6.45 cm. The equivalent circular patch
has a diameter of d = 0.387 i = 8.21 cm. These resonant dimensions can be
reduced by dielectric loading, but the resonant dimensions can not:be in-
cfeased. “Fpr the described subarray layouts shown in Figure 4.32 the radi--
ating element separation is typicafly in the order of 1A, Thus, a single"
patch ¢ay not fill in the area contemplated for the readiating element. Thié'
céuld cause.undersirable grating lobes. Based'on these considerations, it may
‘be desirable to.psé more than one combined patches és a single radiatiqg
éleﬁent¢ Figures 4.35, 4.36, and 4.37 show examples for rédiacingvéiements,
wﬁich are composed from 1, 3, and 12 patches, respectively. These patches are
usab1e for‘up to 1, 1.5, and 3 wavelength separations between radiating
elements. The patches in these configurations are combined into a single
radiéting'element by a microstrp line, which 1s printed on the same gubstrate
as-the’radiating element. This solution has the advantage of simplicity, but
.the stripline segments contribute to the radiation and cause some agsymmetry in
the elément;radiation-pattern. These asymmétries can be redﬁced By the rota-
tion of the‘rédiéting elements relative to eéch other w;thin the.subarfay.
further redﬁction of this effect 1s possible for éhe present application due-
to the 1argé number of elements even in the smallest subarray. Based on these
cbnsiderations the above patch combining techniques seem to be acceptable.

Iheinext step In the subarray design is the selection of the BFN layout.
The typical criteria for this is minimum weight, loss and cmplexity with

acceptable structural and thermal performance.
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Figure 4.36 - Cdmposite radiating element for 1.5 element separationm.
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Figure 4.37 - Composite radiating element for 3X ‘element separat fon.
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‘Low Qeight requires minimization of the nuber of printed layérs oﬁ which
the BFN is implemented and the use of minimum thickness substrates. In order
to achleve the above, the area for the stripline must be minimized: This
requires the minimization of stripline center conductor width, as defined in
Figure 4.38, With decreasing w and constant stripline height b the
impedaﬁcé of the stripli&e increases rapidly and becomes very tolerance
sensitive. - If additionally b 1is also reduced, the loés increases (see
Fig..4.39). Thus a reduction of weight is always accompénied byb increasgd
iqSSes.n In other words é given loss defihesjthe real estate requirement for
the sfrfpiiﬁe. | |
. Andther éarameter which effects the BEN design‘is the separatibn_between:
radiating elements. For larger element separation more space is‘avéilablé for
the striplines, thus their loss per unit length decreases. At the same'timé,
the length of the lines'increases which increases the loss. The optimuﬁ
selection requires a detailed design optimization.

In the following two design approaches are compared. Thé first approach
isvéhowprfor the n = 41 element subarray. This is based on the use of as
ﬁﬁch-as possible real estate in order to reduce losses. The approach leads to
a relatiyely large number of multilayer bo;rds; While the loss within one

.board is relatively low, the connecting lines between the tandem connected
boards incfease the combined loss. This design is analyzed for d = 1.18X
and d =12 fadiating element envelope diameter. The second approach is
shown for n =18 and n = 41 element subarrayg. The goal of fhis appréhch
is a single board BFN implementation. The loss in this case is determined by
the available area for striplines and power dividers. It must be noted that
in each case a considerable part of the total loss is associéted with the
delay lines, which are necessary to implement the essentially équal_phase'
excitétion of the ﬁadiating elements.

122



OF POOR QUALITY

t/h = 06

-
|

L m._l______ : b = ]Omm

vy

13 e i : _ [ S *_ .
. : i
i H !
12 , ;

N

10 |

|
-
' ¢
. . :
SOOI SIS G SRR Sy
. . . e
t

"‘30 0 70 9D 10 130 10 W 19w 210 230 . 250 ZOhm

-Figure 4.38 - Variation of stripline area requirement with stripline
' impedence. .

123



a
o

e
=3

f =1.413 GHz
t/b = .01

Figure 4.39 - Variation

of stripline loss with stripline thickness.

i 124

'



Table 4.5 displays the main charac;ertétics of the multiboard design.
This design utilizes a triplet radiating element as shown in Figure 4.40.

TABLE 4.5
Subarray geometry for n = 41 radiating elements
(For max. scan [beam 9] in triplet antenna configuration.)

Design 1:  d® = 1.18\, triplet element, (LP)r

dgubarray = 6.13
S GpeN = 0.413 dB
Design 2: d® = 1A, singlet element (LP or CP)

d = 5.20A

subarray
apgpy = 0.363 dB
Sandwich thickness in eaéh case is 8.93 cm.

Figure 4.41 shows the layout of the radiating elements of the subarray.
These'afe supported by board No. 5. Figure 4.42 presénts the corrésponding'
BEN;biock dlagram. This network is broken down into four sepatate'boa:dé..
Figures 4.43 through 4.46 give the basic layout of these boards. _If canfbe
seen that the layodt of these boards allows a generous allowance for the.
individuallstriplinés. Figure 4.47 shows an example for'fhe cross'section 
geometry; fo minimize iosées. It can be seen that the.total calculated'loéé_
iﬁ ﬁhg'BFN 13.0.41 dB,-includtng hybrid and conneccfng coaxial itnelloséeé.
The overall ass'y thickness, shown in Figure 4.48 1is approkimately 3.1 inch.
This accomodates the'radiometer boxes.

Similar calculation have been conducted for d = lA. In Figure 4.49 ;he- 
laygut of Board No; 1 is included only. The arrangement tesulté a loss.Of":
0.36. dB, which is only slightly_less than for the d =A1.18A deéign. It can
‘be calculated that the achievable loss in the BFN for the investigated rangé
of d 1is not very sensitive to radiating element separation.

- A somewhat more detailed analysis have been performed for the single

board BFN implementation.
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Figure 4.40 - Composite element layout utilized for linearly polarized
41 element subarray design.
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, Figure 4.44 - Layout of Board 2, for d = 1.18
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Figure 4.45 - Layout of Board 3, for d = 1.18A.
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Figure 4.46 - Layout of Board 4, for d = 1.18X.
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BN path length to input of triplet radiating element for
d=1.18., n=4 : L=145xf=143 Mz, A=21.31 cm

~ Loss characteristics:

. Line loss (L = 3.08 m,ox, = .055 dB/m) o =.169 dB
Total hybrid losses (.05 dB/Hybrid) o= 234 dB
(paxial lines (.005 dB/section) .= .010 dB
Total BFN | . Kpgey=.413 dB

Thickness characteristic's:

Radiating element (A/8 above ground) 2.65 cm -
4 BFN boards | - 6.28 ¢cm -
8
7

Maximum array thickness .93 cm

Array thickness at radiometer box (3 layers) .36 cm
Radiometer box height allowing 6in= 15,24 cm :

overall ass’y thickness 7.88 cm = 3.11n

- Figure 4.47 - Cross section gedmetry of BFN stripline and applicable loss
characteristics. :
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'*ﬁigﬁéé.ﬁséﬁ"%ﬁsws?tﬁé*Bﬁ%ékﬂéiaééaﬁ‘ﬁf the ¢iféuit for the n = 18

“diémsat s Bdrray 3F ie No: 1 feed. This sibdffay contaiis a center elefent,
1 .

“a "cotipléte fff§t:ffﬁ§*3f5?33fﬁfdfs*%ﬁd;é néaily ¢ompléte 8é¢ond ridg of radia-

f

565%5}ﬁff%éftgﬁféziﬁiﬁféﬁfé:zigb éﬁa%s’éﬁe éﬁﬁiiééﬁie‘6§€{téﬁibn vé%ués for
‘thése eléisnts: e ‘thpienentarion 'éfiéHE§E”éﬁéiE§Ei3ﬁs:féduitEQ six dif-
{féiEHt‘ﬁﬁﬁéé>éf hybrids: Assuming o<1 ém, £/b = 0.06 the faaies 6f‘£he
; Eiﬁgfﬁysgfa'ig © = 0:2387A = 5.064 ém. The 16§§.iﬁhéﬁe hﬁsrid-iﬁéréases with
. Féﬁe}fe&ﬁiféﬁ'ﬁBﬁéf‘dinEiBﬁaféfid; For instance tf ‘the power ratio is 5.24 :

1 ‘then w ' 12 2 mm, W2 = ll 7 om and wl = 0 6 T . For this dase the

.....

'Té&ié?bf6’§ﬁ6¥%?ﬁhéigébﬁéffy of ‘the fife Hybfids ‘for the reqiiired power

ceiAeian
‘ratios.

TABLE 4.6

AdadtdEietics . BE Fliig hybrids 4t 1413 Miz ‘for b =.15 mm
i  wy(mim) wy (mm)
- 11.10 11,10
11.25 10.95
69:06 , 4 11.40 © 10.50
55.90 1I1:80  15.82 4.50
50.92 266.82 17.82 .96
~50.50 ”»‘352 50 17,92 .48
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Level

Terminal dB Power Rel.Power Normalized
‘ in ring element power
1 0 ‘ 1 1 .2539
2,3,...7 3.8 4169 2.501 .1058
8,9,...18 1% .0398 .438 .0101
1.0 1.01 1.00 101 1.0 101 101 100 1.0 1.01 1.%1
P P L A L
1:1 11 ~1:1 1:1 11 . }
HB3= HY% H15 H16 H17
a2 2.2 2.2 - jew 2.02 .
1:1 : i 1:1
M - . H12
Aw 404 3 £ 44 .04
058 1058 10.58 10.58
Tiv j] | T: 5
-1 1:1 1:1
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Figure 4.50 - Block diagram of the BFN of the n = 18 element subarray of the
No. 1| feed, single layer implementation. )
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, Eiguge 4,51 shows' the block diagram for the n = 41 . element‘éubqrray.
Figures 4.52 and 4.53 display the layout of the BFN for the n = 1.;3 and
n-= 41>;e1ement cases, The figures prove thg§ it is possible to construct a
ceqcé::égndqctpr layout in the n < 18 < 41 element range on a single board!
C _ o o
Th}s_@gﬁg'vegy's;gnificagt result, because.it hag a major implication on thé
..yeg;izab}e-thigkness,of the overall feed array. On the basisg of theée

results, 1# is possible to determine the loss, volume, and weight character-

A

‘ istics of‘ghe’qverall feed array. Some of these chq;qctefistigs are

[ I H

SHQmayi;édiiq Table 4.7 and in Figure 4.54. .
_ T - 3
: 4.55'Qdadrqp1e Aperture Concept . ' B )

_*Thé quadruple aperture con¢ept employs a four way division‘of the.overall
structural aperture. This type of optics have been investigated in great
detail previously for the Land Mobile Satellite application. However, in the '
pfeSenc-casg the shape of the feed array is much more elongated, whiéh'in—y
cﬁeéseg khe,gnglevbetween~the éxis of the column and the axes of the sub-
4apg;ture§. consequently, from a optical point of view this case is‘more
clqégiy relaged'tgithg triple aperture concept discqssed in SectioniA,A,.

 Figure 4.55 shows the front view of £he-optics, while Figure 4:56,
figgres 4.57, 4.58, And 4.59 the geometries of the reflecﬁqr p;ofile and
the'layoit of a feasible feed array. ) |

S;née the charactefistics of this configuration are similar to that of
the 3 ép;rture case, 1t %111 ?ot be discussed here in detail. Howeverf the

main feature of this optic, like increased beam number capability and larger

s;epsnatgsubaperture boundaries at adjacent reflectors must be emphasized.
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Figure 4.51(a) - Block diagram of the BFN for the n = 41 element su)ﬁartay of
the No. 1 feed, single layer implementation.’ S
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Figure 4.52 - Layout of the BFN (center conductor) for n = 18.
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4.6 Summary of Tradeoff Considerations

In order that the various configurations can be compared, the main re-
quirements like spatial reaolution (approx. 10 km), temperature resolution
(approx. 0.5°K), revisit time (3 days), was kept the same for the var;ous
systems while the coverage percentage was set to better than 80%.

"for these conditions the orbit height is approximately 678 km, while
‘orbit inclination can be varied between relatively Vide liﬁits;

" Under these si;uations,.the most tmport#nt system parameter ié the number
by which the overail stpucﬁural aperture 1s.d1vi§ed to~6ba1n;re1ativély bloci—
" age free éubapertures. :

During the study this was selected as M = 1,2,3, and 4 leading to the>
‘;erﬁinology of single, double, triple, and quadrupie hoop-column anfennaw
éonfiguration;

1t was recognized early in the development of the hoop-column antenna
qéﬁcept, that for multibeam configuration, applications were bothjlinear |
Adimensioné_of the feed array are large, the oﬁtics must be offset in oder to
reddcg or eliminate the feéd array bloékage caﬁsed scatter. One,sdch,optiCS
is the quadruple subapertufe configuration. | .
| '1 In the case of'pushvbrbdm radiometers, wheré'the féed-array énvéiope
_ définés~a highly.elongéted, approximatéiy recéangular épepture moféffpeedomj~
“exists in the optics design. For such feeds it is possib1e~;o offsec.ﬁégd‘ghe
reflectér‘even'ﬁithout subdividing the structural aperture (M = 1). The |
scatfer under.chese situations is caused mostly by the column and this can be
controlled by the distance between the center of the feed array and the axis

“of the column.
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 in{éli the investigated cases, the main structural elements (célumn and
" hoop) remain symmetrical, but the geometry of the reflecting mesh surface

exhibiis vérious degrees of asymmetry.

" 'For Ehe single aperture case the structure and its associaﬁed cable
system*éuﬁports a single offset feed paraboloid. The axis of this pafaboloid
_is'ét an.angle relative to the axis of the column and the normal to the féed'
axié.ié'essentially parailel to the axis of the column.

For the dﬁél‘aperture case the reflector is either fwo, parallel.aiis
,paraSOIbid.dr.two, parallgl axis torus and the feed is two, highly elongéﬁed_
! érray;llocéted close to.thé‘symmetry.plane of'the reflector system.

| For M 2>2 mére than two ﬁéraboloid sections afé utilized in an offset
configuration, with separated and generally tiltedlakes relative éo each
other. ¢

For a given spatial resolution the smallest antenna diameter 1s possible
,With Mzé’l. In such a system there 1s a practical beam number, n. which can

be accomodated, because with increasing scan angle the beam efficiency
de;eriqgates to a possible lowest acceptable value, while the area and com=
fpleiity'of the'feed subarray corresponding to the maximally.scanned beaq‘.
reaches its upper practical limit. ' | .

As s M increases the following consequences éan be observed:

l.: The antenna structural diaheter increases

2. . The number of possible beam increase

3. The coverage percentage improves

‘4. Complexity of feed reduces

5. Beam efficlency for constant number of beams impréves

The above situation was analyzed for a number'of‘cases. Since: such an
_anélysis is rélatively complex some simplifications have bgen introduced.
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‘While these simpliftcattoﬁs effect the accuracy of the reéults tﬁey do not
'change the basic conclusions for the trend. Taﬁle 4.8 shows éome af the‘
results of these calculationms. |

* For M =1 two system alternatives are sﬁown, ;sing one or two idéntical
spacecrafts, respectivley. The two spacecrafts case is introduced to makeAthel
coverage achievable with the resultant system comparable to the ™ % 2, 3, and
4 systems.

It can be seen that in the single spacecraft alternapive this configura-
tion results in a 4 fo 5 times reduction in structural apertu;é area felative
to the remaining cases, but the required feed aperture area is deariy the
same. The drawback.of this gystem is the low number of beams andkchseqﬁénf'
4ldwipercentage of coverage. such a system is probably ideal for an early
aemonstration flight, when high. coverage percentage is less impoftanf.*

Allr M > 1 cases represent a large increase in structure aperture
diaﬁeter. While the M = 2 requires the smallest of these large apertures
ghe achievable number of beams is relatively modest. The main difficulty in
this system 1s the feed subarray design for the large scan angle beams.
Detailed subarray topology studies indicate, that a single layer sgspended
stripline power divider is feasible only up to approximately 41.radiatiﬁg
éiéments. Beyond this'mUICiple layer power dividers are necéésafy-gausiﬁg an
increase in array thickness,_which probably cannot be implemeﬁted;withih the
§1ng1e STS flight constrain. Thié limits the achievable beam efficiency at
the maximum scan. Note that the indicated "average” beam effiéiency in
Table 1 does not fully characterize the quality of the system. The actual
beam éfficiency for thevmaximally scanned beam 1s considerably poorer.

The M = 3 case requires even mﬁre structural aperture diameter and

somewhat larger feed array area. However, the achleved number of beams is
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larger,“the spatial resolution is better and the beam efficiency is higher.
Whilé tﬁete 1s an 18% increase in beam numbers relative to M = 2 the number
of radiiting patches is reduced to 95.6%, thus the individual subarray designs
éré easier. Furthermore, the feed array is divided into three instead of two
packégeé; ﬁhich‘could make its deployment simpler. The_reflecting surface
geometry has three symmetry planes, which make the mesh system design
reiatiVély simple. -
‘ lthe’AM = 4'}case represents an RF design refinement relative to the

M =V3scase, but ath the expense of added mesh design complexity. This system
hésvonly;two reflecting surface symmetty planes ‘and has large steps’ . in the-
réfleétinéesﬁrface_at subaperture boundaries. t

Accdrding to Table 1 this system can use a relatively small overall feed
arféy'aféa and a somewhat lower number of radiating patches. This is thé con-
sequence of ‘the reduced beam scan requirement for the individual subapertures.
At the samé time this configuration offers some improvemént in beam
A efficiency- Overall this case has poorer resolution and more structural
complexity‘than the M = 3 case. It appears that with these deteriorations
“the improved beam.eff1¢iency is not an adequate justification for this syste@.

On the basis-of the above presented comparisoh it appears that M =1, 2,
or 3 have all some merits for a practical system. Since M = 2 and 3 -are not
'anscically different from a structural point of view any of these two can be
selectgdgas a representative system for a multiple aperture configuration.
Since. M:= 3 requires a larger structural diameter, this may be selected ‘as
the upper limiting case from mechanical point of view. The other extreme is

the M = 1 case, which represents the ultimate feed complexity requirement.
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TABLE 4.8

Summary of tradeoff analysis results

No. of : No. of - Structural Total = Total No.of Average MN.of Gwrgge Spatial

subapertures Spacecraft diameter structural feed patches beam beams % resolution

- aperture array efficien- : km
area area cy % : '
m m2 m2
1 1 50.9 XB8.8 1283 4408 81.0 33 & 95
1 ' 2 50.9 4077.6 %67 816 810 6 82 95
2 1 0.4 7916.9 B8 440 87.7 4 &S5 10.9
3 1 118 10335.9 127.7 4398 8:.5 52 &S5 9.2
4

1 18 - 10859 . 69.81 420 8.7 48 &S5 10.2
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5. CONFIGURATION DESIGN
5.1 Introduction

»The configuration desing of the feed for the radiometer antenna involves
a:number of well defined steps. These include:

1. Radio frequency - nechanica — thermal desing of the feed arrays

_ 2. Integration of the radliating structure ~ radiometer panel\assemblieo

. 3. Design of panel deployment subsystem

_ A.PAnelysis of dynamic behavior |

3.' Calculation of geometrical inaccuracies

6.{ Reliability analysis : ;

In‘the following discussions the above problems will be outlined at
conceptual levels only and they will be restricted to the three aperture
configuretion, Details have been investigated only to determine feasibility

of various concepts and approximate weilght of the overall assembly.

5.2 Interfaces Influencing the Configuration Design

In the triplet aperture antenna a total of 52 feed arrays must be imple—.
mentedvend.correetly looated within the overall optical system. According to
Figure 4;32 and Figure 5.1, there are a total of 11 types of radiating arrays;
each consisting of a set of printed radietors, a printed power divider board
and two solid surface conductors acting as ground planes. It is eSSumed that
these four layers are deposited on kevlar substretes and separated oy layers
of honeycomb or structurel foam. They are integrated with theirlradiometer
,units, assoclated heat sink and packaged for overall thermal stability. A
typical eonstruction concept for such a configuration is shown in Figure
5.2. . The weight per unit area for the present purpose was determined from

actually achieved values on a 19 radiating element construction.
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© " In‘a practical design, several arays may be integrated into subpanels of. .
the”bVetallffeed. However, from the point of view of testing, ground hand-
ling, and sparing, it is advantageous to maintain separability of the feed
arrays"for each beam. Utilizing this concept, an independent array suppbrt
frame 1s necessary into whiéh the feed arrays are sep#rately integrated. Such
a*framéfcan be added without any major Qeight penalty, because the final
rigidity of the structure is.determined by tﬁe contributions of the integrated
paneiﬁserCture aﬁd frame structure. | |

- .The  configuration of the frame structure is stréngly dependent‘on Ehe
S ;

neceséary thicness of the panels, the subdivision of the overall feed into

1 .

sqbpane{s, the deploymeﬁt concept and the overall space availalbe in the cargd
bay of tﬁe STS. |
ThévL-bana radiometer payload can be divided into two major subsystems:
oﬁticé.and"feeds. Fﬂr ﬁhe tripiet antenna the weight and volumne of,these
subsystemévare close to each other. They can share the available payload
spacé 1n:the Shuttle cargo bay in two conceptually different ways:
| l.w]Thé optics subéssémbly occuples an inngr cylindér and the feed‘ié
w;aﬁpéa éround‘it in a cylindrical annulus. o |
“ .2, ‘The optics and feeds are mounted in an end to end configuration, e#ch
oééupyiﬁg é larger diameter but shorter length cylindrical space.
In the following these two basic concepts and some variants of them will

be presented.

5.3 Wrap Around Feed Packaging
" Figure 5.3 'shows the basic geometry of the wrap around packaging.
The évailable space i1s determined by the 3.34 m outside envelope requirement

of the stowed 118 m diameter hoop column optics and the 4.438 m inner énvelope

1
i

defined by the STS cargo bay. Assuming that each of the feed panels of the

¥
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Figure 5.3 - Geometry of wrap around feed packaging

is shown.) Maximum axial length is 15.744 m.
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triplet éﬁteﬁna are divided‘qlong the 1ongitudinal symmetry axis the available
'cppss‘QECtion for each of the six subpanels is 1.931 m X 0.25 m. Accquing to
Figureé:4.33 gnd 4.34, the maximum width f these subpangls is 1.88 m, thus
.this‘Scheﬁe'allows 5.1 em clearence for the width f the panels. According to
Figure &.54,'the.thickness of the RF porfion of the Pgngl 1s 9.06 cm. Thus
'the adeé scheme allows 15.4Acm space for the thickness of the papel support-

ing. frame and deployment mechanism. It must be noted that an additional

4.35 cm:thickness clearence is available at places which are not occupied'by"'

the radiometer boxes. The provided space appears to be adequgte with some
,@arginsrof safety for the support frames and deployment motors.
:  Theref§yg pumerous combinations, a panel stowed in the above defined
, sVpac'e‘c:ar.l belﬁeployed into its operational position.” the various methods can
be co?pa;eg on the basis of the number of deploymnet steps involved, the total
'volp@é and-weight requirement, achievalbe accuracy and reliability. It is
gséﬁmed in the following that the feed deployment follows the deployment of
the optics.

' Figure 5.4 shows the deployment sequence for one possible concept (method
8 No. 1).  Due to the fact that feed No. 1 and feed No. 2 and No. 3 are
different‘in shape and operational position their deployment involve different
mechanism configurations. | |

Figure 5.4(a) exhiBits_the steps needed for the placement of feed No. 1

In stq?ed'gondition this feed is attached to a U-shaped structure. One arm of
the U 1s. insode the telescoping tower attached to the end of the column.
: Because_of the necessary long length (7.87 m) of the U structure it is

necessary to retain the end of the panels during the Shuttle flight,

i
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Figure 5.4(a) - Deployment of feed No. 1 of wrap around configuration.

161



1.77

62.S/° ! N N
¥ 2 2
s (l* ™~ 0 Y
& 4 ;
, ] o )
\ L | 40 =
- ' g}
195NCE, 11 ] k2 *§. 2
71 - U ; "’ o
Clearence o e —I [ - *
requirement ~ /’ ¢ l
of array . *
3.47
3
)
¢
t
|
{
I

Step 4: Turn array by 62.5° to - operational position

Dimensions in m.

i

‘ Figure 5.4(b) - Deployment concept for feed No. 1 in wrap around configuration

162



The first step is the release of this retainment, followed by the deploy-
ment of the U structure. During this step the feed makes a 7.87 m translatory
movement al&ng the axls of the column. This 1is achieved by telescoping
action. This movement along the axis of the column. This is achieve& by
_teleséopiﬁg action. This mo?ement can be coupled to'telescoping‘of the end .
sectiéﬁ of the column, which is part of the optics deployment. Thué this step
maj not require an additional motor and its reliability is not part'of the
feed deployment reliabilit& budget.

The second step is to flatten éf the two half panels into a single planar
panel. This involves a +30° and -30° rotation of the half panels and caﬁ'be
‘achieved symmetrically by a single motor operating a dual 1inéar actuator or
épring coil 1f retrieval 1s not necessary. At this point the longérvdimension
-bf the feed 13 still parallel to the axis of the column.

. The third step is a 90° rotation of the overall feed assembly. ”During
this phase the normal to the radiating structure is directed perpeﬁdiqqiar to
the column, outward from the axis of the reflectbrs,

The fourth step is a 62.5° inward rotation of the feed panel. This step
"~ assures the final brie@tatiog as well as the final'poéitioﬁing. The center of
the feéd panel4is_a 1.965 mpfrém the axis of the éolﬁmn, atlﬁhe Fl;focai point
' éf the No. 1 subapérture.. N |

Omiﬁting the initial transloational'ﬁovement the above deployment scheme
involves the use of three stepper motors providing the flattening (30°),
orientation (9Q°), and alignment (62.5°) rotations, respecfively.. qu of
‘;hese rotations appear to be excessive. Furthermore, since the optics
utilizegqéilarge F/D none of the rotational accuracy has a major influence on
the beéQfgfficiency of the system. The inaccuragy of step 2-has somé second

order effect on axial focusing and may be used for independent fine focusing
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of’tﬁé f&olﬂélf panels. (Addiitonal axial focusing adjustment may be échieée&
B§Z§Eépt1 for one of the three feed arrays.) The nominal 90° rotation pro-
vidéd'ﬁjzstep 3 is vital for the operation of the system, but an errof in this
rofatioﬁ'Hés only second-order effect on the locations of the beams relativg
‘to the beams produced by feed No. 2 and No. 3.

anaily; ﬁhe-rotaion achieved by step 3 determines the 1océtién of the
field distribution relative to the nominal in the offset feed paraboloidal
<éubé§éf€gie.‘ A small error in this rotation has only second Order'éffect_on
~thé'éﬁéﬁéf6fpthe,sécondary pattern. It can be conéihded that the on1y>re134'
‘ti?éiy‘tfitiéal deployment is step l. 1 cm error in this step procudes é ﬁeak
qﬁédrééib error. of approximately 4.71° in the paefturé of the parabpldid. B
1 cm ‘macimum positioning error for the telescopic mechanism seem to be realiz-
éble'&ﬁriﬁg initial deploymént representing 1.5 X 10—4 of the nominal-focai'.
&iStanCé. ’ |

:-,‘fﬁé;ébpve féctor is at least aﬁ order of magnitude larger than the

épp}i¢ébié thermal expansion coefficient. Conéequently, thermal effects are

notfexﬁeg&ed'fb play a major role in the axial focusing (beam shape) char-

_QCQerisiigé'of the system. It can be concludea that the presented depldyment
Ucénéeﬁf»is feasibié from kinematic and accuracy point of view. ”
The-described flattening, orientation, and alignment operations can be
ﬁrbvidéd_in a number of slightly different manner. Figure 5.5 compares the
desériﬁed method No. 1 to an altern;tive (method No. 2). 1In this the flatten—
ing operation is applied only to one half panel. This does not save a motor
_-but eiiminates‘one set of linear actuators. Additionally, if this operation
fails, one half panél is still in the right location and only 9 out(18‘beams
aré}idgt. :The'price of thislimproved reliability is that the ro;ation ﬁeéded

for the half panel is larger (58.2°) and the alighnement maneuver rgquirés'
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Figure 5.5(a) - Alternative deployment »f feed No. 1, wrap around
configuration.
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Figure 5.5(b) - Alternative deployment of feed No. |, wrap around
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g configuration.
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Figure 5.5(d) - Alternative deployment of feed No. 1, wrap around
configuration. ' '
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configuration. o
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two steps: a 33.4° rotation and a 0.1l m translation perpendicular to the

- axls of the column. In practice, however, the last step can be omitted,

because the assoclated (f}ight direction) displécement of the beams is only
0;095° or 0.3205 which has a neéligible effect on beam shape, beam egficieﬁcy
or ‘coverage. It éan be concluded that the compared two méthods fequifé about
the same total rotation and hoth are feasible. 'The_choice between the two can
be made on the basis of more favorable mechanical design details.

The deplbyment of feed No. 2 is in ﬁrinéiple simpler than that of feed

No. 1 because it does not involve the linear translation of the U structure.

One possible concept is exhibited in Figure 5.6. The first step is the flat-

. tening operation, which involves a nominal 60° rotation of the half panel.

-

This may be achieved by the mechanism employed inAStep 1 for method 2 of. feed
No. 1. However, for feed No. 2 the radtating surface of the panel is onvthe
inside in the stow configuration, thus the mounting of the“deployment

mechanism may require some compromise if standaridizatlion is attempted. The’

second step. is a 15° rotaion assuring the orientation of the plane of the

array perpendicular to the plane of scan. Finally, the alignment operation is

achieved by a nominal 112.5° rotation in theAplane of . scan. It may be noticed

that the rotaional tolerance requirements of the first two steps are not very

critical. However, the last rotation has a major effect on axial defocusing

caused by the displacement between the centér of the panel and Fy. Again, 1f -

1 cm error is tolerated at the center of the panel for axial defocusing the

final rotation must be accomplished with 0.082° accuracy. If a 1 cm ervor is
tolerated at the center of the maximally scanned feed Array then the rota-

tional error cannot exceed more than approximately 0.04°, Assuming, that the

location tolerance of the supporting telescopic arm is also 1 em. The above

condition causes a total of 2 cm peak error for the phase center location of
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';he'worst (maximally scanned) heam. The assoclated peak quadralic errof for
this condition is a relatively large 18.8°. However, since the bheam shape of
the maximally scanned beam is relatively poor even in the absence of this
‘error the additional damage is negligible’and the system performance is not
‘detéribrated much further. From mechanical point of view the achievement of
maximum O.04° rotational error is.sti11 a difficult criteria for this depioy—
ment schémé;.
o VFigure'S.7 exhibits another method to achieve_fhe above deployment. -This
 métﬁod uses a-U-sphaped structure similar to the one déécribed for feed No. 1.
‘Usiﬁg'this conéept, the first step is the translation of the U structure;
second step (s flattening achieved by symmetrfcal +30° rotaions; third step is
displacement of the center of the panel; fourth step is tilt parailel to the
operational aperture plane; fifrh step is alignment of the long axis of panel‘
iﬁto the piane;of scan byv15° orientation. This method intorduces an addi-
tional step in the deployment sequence, but reduces the effect of angular
aiigﬁmen; folerances. For 1 cm axial error in.the middle of the panel the
step‘3'rotatipﬁ must be only 0.082° accurate. ‘If step 4 is also Q.082°
accurate'then.l cm additional error is introduced for the position of the last
'sﬁbarray. Since the two errors are independent their most probable.combined
éeak error is l.4 cm. for a éombined 1 em maximum error thls scheme allows

0.058° peak rotational errors in the motor positions of step 3 and step 4.
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“Figure 5.6 - Deployment concept for feed No. 2 in wrap around configuration.
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Dinmension in m.

Figure 5.7(a) - Alternative deployment of feed No. 2, wrap around
configuration.

174



PANEL OPENED,EXTENDED AND
ROTATED 15° ABOUT c-c AXIS

Dimensions in m.

Figure 5.7(b) - Alternative deployment of feed No. 2, wrap around
configuration. :
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i

PANEL ROTATED 67.48° ABOUT b-b AXIS
~ "AND ROTATED 24.9° ABOUT a-a AXIS b

Figure 5.7(c) - Alternative deployment of No. 2, wrap around configuration.
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" Figure 5.7(d) - Alternative deployment of feed No.

configuration.
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5.4 End-Mounted Feed Packaging

The end-mounted feed packaging concept is particularly advantageous for
los and medium orbit applications (like the L-band radiometer5 where the
'boostef rocket in the STS occupies a relatively short length of the cargo
bay. In such a configuration the hoop'coiumn'antenha.may occup a larger
diameter yolume. Tﬁis could ease it mechanical design and/or improve its
accuracy.

: Figure.S.S shows the assumptions for tﬁe stowage space of thé feed pack-
:ége. vft'is aésumed that in sucﬁ a configuration the feed tnﬁerfaces with the
hoop column structure at the top of the telescoping column.

The "space depicted in Figure 5.8 is divided for the three feeds as shown
in Figure 5.9. Each feed is folded in an accordion fashion into a nominaliy
5.76 m-tall, 4.43 m wide and 0.434 m thick package. These three backages are
stowed ‘'side by side with 0.1 m clearance between themf The largest diameter
for this condition is 4.245 m. This fifs into the assumed envelope. The free
folded feed packages are mounted on an interface structure which contains the
pi?Oting'éxes for the feeds.
| Figure 5.10 exhibits the folded layout of feed No. 1. The overall panel
id idvided into four nominally equal subpaqels.v A total of three Iinternal
motors (or spings) are needed to flatten this assembly. The deployment of
such a configuration is Qell studied in the art and is similar to solér array

deployment schemes or the one used for SAR phased arrays. Some additional

3
1 » °

: complicationé are.introdubed presently by the interleaved nature of the sub-
arrayé (see Figure 5.1), but this can be handled by properly selected pivot

- axis locations.
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Figure 5.8 - Envelope of stowed feed in end-packaged configuration. -
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Figﬁre 5.10 - Accordion type packaging of array panel Eof feed No. 1.
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The.deployment sequence éan be followed iﬁ Figure 5.11. For feed No. 1
the first step 1s a 90° rotation of the feed package. This 1s followea bi
step 2 Which is the flattening operation of the panel. Note that a 1| cm axfal
position accdracy~for the center of the panel requires only 0.304° ?otational'
'accuracf, prdvidéd that fhe interface structure location is perfect. A total
of four motors are required for this deployment.

l-. Fd;.feéd No. 2_and 3 the first deploymenf step is the 90° rotation, likg
in‘the-case gfvfeed‘No. l. The second step is the 15° rotation to bfing the
vpaékage iqto tﬁe plaﬁe of scan. The last‘étep'is flatteqing. This scheme -
-requires five motors. Additionally, the'flattening involves the,subéort of
_the panel>at one end with the assoclated tole;ance problems as discussed in
conjqnctionAwith the wrap aroqnd packaging. The final déployed cohfigﬁrétion

is shown in Figure 5.12.

5.5 Welght ‘llis't_ima'te
. dn thelbasis of the previously outlined configuration concepts, a pre-
liminary'weightAestimate can be devleoped fof thé overall 118 m diameter_hoép
column radiomefer antenna. The results for the wrap around feed packaging
éonfiguration‘are summarized in Table 5.1.
Tﬁe overall antenn; consists of two main éubsygtems: optics and feeds.
The optics are made up from the hoop column and refiectof; theffeéd &ay be

subdivided into radiators, radiometers, support frames, and deployment mechan-

ism.
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Figure 5.11 - Steps of deployment for No. 1, No. 2, and No. 3 feeds'
(end-packaged configuration).
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TABLE 5.1

Preliminary weight estimate for the |18 m diameter radiometer system

(weight in pounds)

Optics 2188 (25.8%)
Hoop 628 . A
Column ) 1340
Reflector 220 _

Feeds . 6282 (74.2%
Radiometers 312 : '
Support frames - 1554
Deployment mechanisms 180 _

Total : . . 8470

The following comments can be added to Table 5.1. The weigﬁt of the
optics subsystem is obtained from an earlier study.1 >Since this study was
relatively e#tensive the accuracy of these calculations are thought to bg
within £15%. | |

The 1;rgest single item ih tﬁe total budget is tﬁe &eight of thé-radi—
ating sﬁructure. The cross seétion of this element is shown in Figure 4.54
and the area and number of suﬁarrays 1s displayed in Figures 4.32,‘4,33,'énd
: 4.34; The radiating structufefis_composed of &4 plgtéd substrates, a thermal
shield and an 1nterconhecting honeycomb support.

The total thickness of the substrates and thermal shield is 0.6 cm. At a
specific weight of 2.15 this represents 1.29 g/cm2 = 2.628 1b/ft2. The thick-
ness of the total honeycomb is 4.11 cm. Utilizing-the weight characteristics

of 1 in. honeycomb with y, cells the weight of the honeycomb is 1.199 Ib/£el.

lp, Foles "RF Characteristics of the Hoop Column Antenna for the Land Mobile
Satellite System Mission." (Foldes Incorporated, NASA Contractor Report 3842,
Contract No. NAS1-17209, November 1984)

<)
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On the:basis of the above data, the integrated feed pénel weight is 3.827
1b/ft2, neglecting the wéight of the‘plating. Table 5.2 shows the weight

_ breakdown of the various feeds of the 52 subarray system.

TABLE 5.2

Subarray panel weight characteristics

No. of radiating Arsa Total _area
elements - (m*°) ' Qty. (mz)
18 1.127 4 4,508
20 1.368 6 8.208
22 1.496 6 8.976
25 1.697 6 10.182 -
28 ' - 1,911 6 11.466
<31 . 2.112 6 12.672
35 ' 2.378 6 14,268
38 2.601 6 15.606
41 2736 6 16.416
Total subarray area 102.3 (1106.9 ftz)
Total subarray weight 1921.6 kg = 4236.4 1b
Specific weight  3.83 1b/ft?

"~ The above calculated weights may be compared to the weight calculated
" from an actually constructed similar feed panel used in the ground based 15 m
diameter hoop column antenna experiment. This calculapion resulté in 5616 1b
or 32.5% more than the figure in Table 5.2; However, consldering the faét
'that in the referenced panei, no significant weight reduction effort was
employed, ﬁhé discrrepancy is not very large. Anotﬁer reference point may be
the‘weight study resuits.of an 1.49 m x 14 p = 20:9 n? synthetic aperture

2 This resulted in 2.91.1b/ft2 for the feed panels, a

radar phased array.
figure considerably better than shown in Table 5.2. On the basis of the above

indications, it is estimated that the accuracy of the weight values shown in

2p, p. Patel, G. Sequin, P. Foldes "Radarsat Passive Planar Array Study” (SPAR
Aerospace Ltd., RML-009-83-130, DSS Contract No. OSR83-00068, April 1984)
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TaBle 5.2 18 within +207%. 1t is fér more difficult‘to estimate thé femaining
part of the feed without a detailed structural and kinematic analysis. For

~ the purpose af weight calculation it is assumed that the panels are suﬁported
by a lattice type triangdlar truss structure, e;ch of which Qeightg 360 1b
(qty 3 required). The assembly {s held together by two rings (unif-weight

126 1b) and six struts (unit weight 30 1b). The deployment mechanisms utilize
a’total-of nine motor—actuator assemblies, with an average weight of 20 1b |
.each. The accuracy of theée_calculations is estimated at #25%. On the basis

of the above assumptions the weight of the radiometer system is

8470 + 1444 1b.

5.6 Thermal Comsiderations

| There are two types of-thermal probléms which are affecting}the design'.
and.operations of the radiometer system. |

' The first group of problems are possible thermal failure mecﬁaﬁisﬁs;
Most of.these may occur during the deployment of the system. They could take
‘fhe form of seizures in the linkages or actuators with the result of part{ai
or complete deployment fallures. .However, dué to the partitioned ﬁafure.ofu
.the ove;all feed a éom§1ete depioyment failure has ;ery iow probability. Tﬁe
overall feed'is divided into groﬁps of 17 + 17-+ 13 shbarrays and each'grbuéu‘
info two. Each "half fééd" containing 8 or 9 subarfays is deployed somewhét
independently from the others. Additionally; this deployment may be
accomplished at an orbit height which is accessiblg by the STS, thus péten-
tially EVA servicable. Since the feed deployment mechanism repreéeﬁts only
2.1% oflthe total system weight redundancy may be considered ﬁithoﬁt excessive
increase of overall system weight.

The second group of problems are related to thermal 1nstabilityf The

total thermal energy influx to the feed varies drastically during operational
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conditioﬁs. Figure 5.13 shows proj;cted~cross sections of.the feed for the O
to 90° Sun angle range. The varying amount of intercepted solar.flux'causes
three effects:
1. Deférmation of the feed structure relative to its nominal position,
2.;'Deforﬁation of the microwave radiating circult relative to its ideal
geometry,

- Variation of ;he ambient temperature of the radiometers.

. ?he deformatibn of the feed struéture (tilt, wharping, translatioﬁ)
causes - a movement of the‘beam centers relative'tp an arbitrary reference and
:elafive:to each other. Additionally, a beam shape deforma:ion-aﬁd sidelobe
1evei deterioration may take place. Among these effects only the movement of
bean ceﬁters relative to the arbitrary reference may be significant. .For a
given revisit position these pointing errors remain relatively coﬁstant and
vafy only slowly during the year. Thusvmost of the introduced errors can be
taken into effect by an appropriate calibration procedure. Additionally, tﬁe
feed shﬁport structure must be designed with thermal shield protected low
temperature coefficient materials.

. . The deformation of ;he microwave radiating circuit and particularly the
quality of contact between printed circuits And coaxlal components could cause
\avvariation of iumput impedénces of individual subarrgys, which in turn coﬁld
cause a frequency dependent variation of subarray radiation pattern, internal
loss, and transfer function. At the end, these variations manifest>themselves
to variations in the antenna noise temperature. The above effects can be
'min%mized by the use of RF transparent, high quality multilayer fhermal
shieids; These types of protections introduce a certain RF loss (noise
temperature component) which decreases during the mission due to radiation

damage. At the same time the effectiveness of the thermal shield decreases.
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Figure 5.13(b) - Projected cross section of fee_ds for various Sun angles.
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Thus the radiating element side of the shield must be designed for maximum
tolerable loss at the beginning of mission and minimum thermal proéection at

the end of mission.

! t

The effect of variation of ambient temperature on the performancelof
ra&iométerjcan be minimized by passive témpefatﬁfe'contrbl (héat siﬁk, heat
pipe) and/or by heaters. In Table 5.1 a considerable part of the radiometer '
weight is associated with the use of heat sinks,Awhiéh are mounted on &he
Earth facing side of the radiometer boxes. A furfher~increase'in the mass of
the heat sink may be desirable. .This will not affect significantly tﬁe over-
.#11 weight of the syséem, but it may increase the féed'package thickness, thus
it becomes unimplementable from packaging point%of_view. Consequently, the'

use of active heat control can be a desirable option.
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6. TECHNOLOGY DEVELOPMENT REQUIREMENTS

Siﬁéé the beginning of NASA Langley kesearch Cénter's Large Space
Structure Development Program, considerable progress was made in the afea of
the optics. To study the optics first was légical, because this part of the
'system is physically larger, it is usable for a number of missions with
different feéeds and without its design the feed design cannot be started.

; However, as Table 5.1 indicates the weight of the optics for a typical
radiometer mission répresents only 25.8% of the,to£a1 payload weight. On that,
- basis ittcan be-suspected that a Iarger_complexity and cost 1s associatéd(to'

‘the remaiﬁing (fged related) part of the system. <Consequently, 1if the

fdevelopmenf of an ovéfall éoil‘ﬁoisture measuring radiométer system is contem
élatéd serious résearcﬁfand development on'tﬁe.feed related 1teﬁs must now
begin. -

- The technology development neéd of this area are summarized in Table 6.1.

The following comments can be added to Table 6.1.

‘ Radio frequency

- a. An adequately accurate software'to simulate the radiation character-
istics of printed circuit type subarrays with glement numbers up to about 50
ﬁust be developed. Some less aécurate forﬁ of:such~§oftware exist. Howevéf,
existing software does.not conéidef accurately.the‘eiemeﬁt pattern of Various
patcﬁ shapes,vgheir frequency dependency and neglects mutual coupling;
Additionally, no capability for arbitrary element locations is availéble.

' Software:exténsion must include coupling between thermally introduced deforma—
tions and changes in the radiation pattern.

b. In order to predict the input reflection coefficient, power division,
1o§s and noise temperature characteristics of subarrays up to 50 elements a

scattering matrix software program must be developed. This program must cover

o
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TABLE 6.1

Technology development needs related to the feed of the

soll moisture measuring radiometer

Radio frequency
Feed pattern software
Feed circuit scattering matrix software
Secondary pattern software
Feed array implementation
Radiometer
Reconfigurable feed
Radiometer system tests
Structure
Panel structure
Support structure
Deployment structure
Kinematics
Flattening
Positioning
Orientation
Thermal
" Shield
Sink
Active
Control
Deployment
Fine positioning
Monitor
~ Location
Temperature

stfaight sections, bends, couplers, loads, connectors.

Aging

the applicable power division trees for suspended stfipline components, like

- Include return loss, transmission line loss, moise temperature, and complex_
power division as a function of frequency.
c. Secondary pattern software shall be further developed to accept
results from the primary pattern software program. Such a program most be
:applicable for secondary pafterp synthesis in the hoop column antenna optics
environment. RelatedAminimize,based synthesis programs are available for

shaped beam communication satellite antennas. Howevef, existing orograms
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cannot-fake'the presently required large elementAnumbers and they are slow for
‘  the présently required large directivities._ Additionally, no software exists
" for the synthesis of maximum beam efficiency. While.existing beam shape
synthetizing minimax programs in principle operate similarly to thé preseﬁt
requirement the new software must include significant modification, extentions
aﬁd even change of principles if better calculation efficiency is attempted.
d. According to Figure 4.32, eleven different types of feed arrays are
needed for the radiometer. The simplest countains I8,.the most complex 41l
radiating elementé.. The feed technolbgy development may stért with the 18
element;ar;ay aﬁd eventually include the maximum element number. Specific
aims of these3development shall be contfol of radiation performance, minimiza-
tion of 1o§s and weigﬁt, minimuﬁ frequency variation and temperature sensi-
"ti'vity.‘
| e. RéconfigurableISubarray in the 18 to 41 element range shall be
developed. Reconfigurability 1s for compensation of reflector surface
inaccuracies in the changing environment. Two claéses of this type of arrays
mayAbé recognized: Phase only.and phase—émplitude variant arrays. Requifed.
technology is printed 0-90° and 0-360° phase shifters either at RF or IF
frequencies."In the later case a low noise down converter is employed at each :
radiéting element with a common LO and reconfigurationAis accomplished after
‘preamplification.
_Af. A'radiémetef shall be developed which considers the r-f, mechanical
and thermal ihtefface requirements presented by fhe feed design.
g. An integrated feed radiometer package test shall be implemeﬁted thch

1nc1ﬁdes ground based radiation tests, environmental tests, airborne tests and
STS experiments. Accuracy of prediction, thermal, and material stability are

the main issues for these tests. .
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Structure

a. The basic panel structure represents different shapes and sizes than
employed on previous space based arrays, like SAR. New strucurally optimum
and thermally acceptable panel structures must be developed.
| b. Support structures to hol the feed arrays during stos and deployed
conditions must be developed. These structures must handle the:appiicable'
loads and required_aécutacies;_ | |

¢c. Structures as part of the deployment system must be:designed ana
ve;ified. . |
' Kinématics
| Detailed study of the kinematics for éhe féed_deployment is ngéessary in
‘order to select thé optimum system for thé deployment of required type of feed
arrays. Generally, the deployment-sfstem must accomplish these functions: |
flattening, positioning and orientation of the feed.' All these are part of
-thé.initial deployment. Additionally, the orientation function may be
utilized to improve system perfqrmaﬁce during operational conditioqs;. Fdr.
instance a fine fged positioning capability may be used to élightly relocate
;he foot print without reorienting the complete'antenﬁaréyétem;
- Thermé1 ‘ | -
a. Thermal shields which are RF transparent at the opefational frequency.
- with adequate solar flux reflectivity shall be developed. (This is a refiné;
ment of existing design.)

b. Use of heat sink and heat pipes fbr the present environment éhall be
studied and optimumdesign developed.

c. Use of active temperature control shall be documented.
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- Control

Control systems shall be developed to handle the stability requirements
of the radiometer during deployment and during 6peration. This shall include
orientation maneuvers, orbit height change maneuvers and retrieval procedures.
Additionally, control methods are required for fine positioniqg of the overall
radiometer or some of its specific beam clusters. |
Monitor

a. The most important special monitor function 1s the determination of
the pointing status of the inidvidual beams of the radiométer. This may‘be'
'acéompiished by r-f of optiéal position determination of 1ndividual subarrays
or feed péﬁels énd measurement of some reference point locations of the sub-
aperture éeflectors. | |

b. A températufe monitoring system mustAbe deveioped in such a manner _
that sysfem calibration can be updated as a function of specific temperature
readouts at appropriatly selected locations. |

c. The antenna is composed from a number of different materials. Many
of-them may display variations iﬁ the space environment; Consequently it is
iﬁportant ﬁo introduce some monitoring function whichcan detect effects of

these variations.
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7. CONCLUSIONS

The use of the hoop column antenna for soil moisture measuring radiometer
applications have been investigated at the conceptual level.

. Thé study.indicétes, thgt the major mission requirement of a nominal

10 km_spa£1a1 resolution, 3 days revisit time and near complete coverage‘of
the temperate zones of the Earth can be accomplished with a 118 m'diaméter
antenna. Thelimitations associated to the blockage cauéed by the cqlumn and
the feeds can be greatly reduced by the use of 2, 3, or 4 subapgrtures. While-
there are no drastic differences between these subaperture selections, bre;‘
."liminary stﬁdies indicate that the three subaperture configurationé represeﬁ;:‘
a reasoﬁéble oyerall compromise. Such a system allows the use of 52 beams,
each shaped byAsubarrayslcontaining 18 to 41 radiéting elements. The resul- '
tant optiés—feéd payload can be packaged into a single STS fligﬁt'weighting
aéﬁfoxim#tel& 8470 1b and subséquently placed into a 678 km to 787 km high
orbit.. |

The study indicates thét 74.2% of the total payload weight is in the
feed-radiometer package, thus this part of the system may reﬁresenc the
" complexity center. The implemeﬁtation of the studied radidmeter will reqqiié
1fechnology development effort in this area. The major develoﬁmenFAredutr;—"

ments are identified in the study.
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